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L OBJECTIVES OF PROGRAM

The broad objectives of this program were to extend our understanding of the electrical
properties of layered semiconductors employed for low noise amplification, generation and
detection of high frequency radiation in large scale integrated circuit technologies. The present
research program developed and exploited nondestructive techniques to analyze imperfections in
layered semiconductors utilizing optical coupled with electrical measurements, requiring no special
processing, and can be used on substrates and epitaxial layers to map crystal quality and electrical
characteristics. The techniques of infrared wavelength modulation, photo-induced-transient-
spectroscopy, Raman scattering, and photo-mixing were employed; the combination of these enable
a determination of impurity concentration, structural defects, recombination rates, and transport

properties by optical means.

II. SUMMARY OF ACCOMPLISHMENTS

A. Deep Level Derivative Spectroscopy
Aninfared wavelength modulated spectrometer system was developed which is capable of
measuring changes in the absorption or reflection of one part in 103 in the spectral region from
0.2—20 um. The system consists of a modified grating monochromator. The modulation of the
wavelength is accomplished by oscillating an output diagonal mirror and thus is equally applicable
for any wavelength in the spectral range of the microchromator and the amplitude of wavelength

modulation can be continuously varied up to AA/A-1072

. The wavelength modulation technique
yields essentially the energy derivatives of the absorption coefficient. To obtain the absolute value
of the absorption coefficient, one numerically integrates the observed derivative spectra and the
constant of integration is supplied by a direct loss measurement in the same apparatus at a fixed

wavelength where the absorption can be measured with good precision.

We have demonstrated that the infrared wavelenth modulation system can detect impurity
2

-1014/cm3 in semiconductors; previously, it had only been only

. 1
concentrations at levels of 10




T T TR W W W ba fa e Ale Slei bt lo i to A 2 -—.1

possible to study such concentrations by junction techniques, and consequently it was not possible
to observe absorption thresholds and excited states of deep impurities.
A detailed study of the derivative absorption of GaAs:Cr was completed. The extensive fine

\
1
structure observed for the first time out of a previously observed smooth absorption background by i
conventional absorption techniques was correlated with a proposed energy scheme for (Cr Cr+3) 1
ions in GaAs. This work indicates that a comparable number of Cr ions are at tetragonal and !
trigonal sites. This work has been published; a reprint of this publication is included in the
Appendix of this report.

The versatility of this system was further demonstrated by a study of the band structure of
metal alloys reported in a series of papers included as reprints in the Appendix.

A study of bulk and surface absorption in a range of materials employed this system. The
results of the study of deep levels in semi-insulating GaAs, surface layers on Si, GaAs, and
HgCdTe, oxygen complexes in floating zone silicon and the determination of strain ion due to
implanted layers was presented in various publications, reprints of which are included in the
Appendix.

The results of the above studies demonstrate that the wavelength modulation system we have
developed is a unique tool for studying low level absorption in materials. The sensitivity of the
method as well as the unambigous line shapes obtained allow one to identify excited states as well

as ground states of defects in semiconductors, as opposed to electrical methods such as the variety

of DLTS techniques, which are essentially thermal methods and merely determine ground states. At
present there is a tendency to utilize FTIR techniques to arrive at material characterization
standards for impurity concentrations in semiconductors for the microelectronics industry. This

approach depends upon the multiplexing advantage of interferometry if one desires to examine a

d

broad spectral range. However, when one has a narrow spectral range to identify energy levels,
the multiplexing advantage of interferometry vanishes and infrared wavelength modulation will

have a greater sensitivity.
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B. Photo-Induced-Transient-Spectroscopy of Semi-Insulating (LEC) GaAs.
Acomputercontrolledphoto-induced-transient-spectrometer(P.I.T.S.) wasconstructedand
employed for the study of the electrical manifestations of deep levels in semi-insulating GaAs. A
detailed study was completed of the levels in LEC GaAs in sections of the same samples that were
employed for our wavelength modulation measurements so as to obtain a possible correlation
between optical absorption and the P.I.T.S. measurements. Measurements were performed on
samples which received a variety of heat treatment.

A rich spectrum of deep levels were observed in samples not subjected to any heat treatment
after they were initially grown. However, there was significant differences between the as-grown
samples and the same samples which received head treatment. Levels at 0.52, 0.42 and 0.36 eV
in as-grown samples readily annealed; there seems to be a correlation between there P.I.T.S. results
and similar levels observed in our wavelength modulation measurements which were identified as
structural defects. However, an exact correlation by these different methods must take into
account the fact that the P.L.T.S. results yield information on the thermal emission rates from a
level to a band, whereas the optical absorption measurement yields information regarding intra-
center as well as transitions to bands before thermal relaxation.

This work has been submitted for publication to The Journal of Physics and Chemistry of
Solids, a preprint of which has been included in the Appendix. A complete exposition of this
work is contained in a thesis by M.Burd entitled: “A Study of Deep Levels in Semi-Insulating
Layers of Liquid- Encapsulated-Czochralski-Grown Gallium Arsenide by Photo-Induced-Transient-
Spectroscopy.”

Further study of the observed levels which readily anneal out and reappear upon thermal

quenching is worthy of future study in GaAs and other III-IV and II-VI compounds; the proclivity

!

g

of these material to contain annealable defects can be exploited for device fabrication.
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C. Raman Backscattering

Raman backscattering was employed as a non-destructive technique for the study of

) surface treatment, strain due to passivation layers, and changes in the space-charge layer near the
i!'.'!'
::%.Z» surface. By observing the changes in the width and position of the LO phonon in the depletion

layer, inhomogeneous strain associated with lattice defects can be inferred. From the shift of the

2 high frequency coupled L* mode in the bulk beyond the depletion layer it was possible to observe
!:‘ increases or decreases in the charge carrier concentration near the surface depending on the surface
treatment.

-
i;: The growth of an oxide in a III-V compound surface is a topic of current research with both
:y., technological and fundamental interest. Some insight into the kinetics of the oxidation of GaAs
Q.f was obtained by studying the time dependence of the growth of crystalline arsenic during the
:;: oxidation of GaAs as monitored by Raman backscattering. It was found that a surface diffusion
i*’ process rather than bulk diffusion, as was formerly thought, is operative for the production of
' i elemental arsenic. An enhancement of the growth of crystalline arsenic was observed due to 5145
:::.‘ A illumination. These measurements have shown that the surface diffusion barrier energies and
g:,:"' sticking coefficients involved in arsenic grain growth are determined by the charge states of the
): grain, which in tum is determined by the Fermi level of the GaAs substrate.
E:.:.; This work has been completed and has been submitted for publication in The Journal of
?:;? Physical Chemistry of Solids. A preprint of this work entitled “Arsenic Growth on the Gallium
. Arsenide Surface During Oxidation” is included in the Appendix. A more complete exposition of
;é? this work is contained in a thesis by R. Martin entitled: “Raman Scattering from Subsurface
:“g Regions of Semiconductors.”
' " The above work indicates that Raman scattering is an exellent technique for monitoring the
::3 surface condition of semiconductors. The use of this technique for studying nucleation processes
1-,,3 during interface growth is worthy of continued study.
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Zti? ' D. Photo-Mixing Determination of Hot-Carrier Drift Velocities

! ( A technique of photo-mixing was developed to measure drift velocities in the hot-carrier

e

;"'f small distance regimes in semiconductors. The method consists of mixing two microchromatic

;,‘:; optical frequencies to generate a microwave difference frequency (w) whose power is independent

‘ 7_ J of (7) [the minority carrier lifetime] and is proportional to the drift mobility squared if @t » 1. If

*f @t ~ 1 or @t € 1 the output power depends on the lifetime. By measuring the microwave power,

"‘5 the dark current, and the photo-current as a function of electric field, the field dependence of the 1

5': drift velocity and lifetime as a function of temperature can be determined. Measurements were

. made on GaAs, HgCdTe, and Si with contact separations of the order of microns. Extensive

}.:R measurements were made on the field and temperature dependence of the carrier lifetimes in GaAs

‘:, which gave some insight into the little known extrinsic recombination centers in GaAs. Abstracts

'5’ of this work were given at the International Conference on the Physics of Semiconductors,

o Stockholm, talks at Wright Patterson Airforce Base, the Aerojet ElectroSystems at Azuza, and the
March 1987 Meeting of the American Physical Society; Publications of this work are in

.};‘. preparation.

:h; The technique of photo-mixing is proving to be a useful technique to measure transport

J" properties in the small channel regime. Measurements up to the present were performed on

E':ési micron channels; the sensitivity of the technique will allow measurements in sub-micron structures

:.E',?: . in the ballistic and velocity overshoot regimes.

oy

._.é E. Collaborative Work on HgCdTe.

:j'_ Although the dominant effort in this program was directed toward GaAs some

"T_ N collaborative work was conducted with groups involved in the characterization of HgCdTe.

%\, Reprints of the resulting publications are included in the Appendix.
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et oI. SUMMARY AND CONCLUSION

The techniques of infrared wavelength modulation, photo-induced-transient spectroscopy,

Raman Scattering, and photo-mixing form a combination of nondestructive techniques to determine
deep levels, surface properties, and transport processes in a wide class of semiconductors. The
; 7 above nondestructive analytical techniques enable a rapid assessment of the initial characteristics of

; e the semiconductor as well as changes that may occur during device processing and can ultimately

be used on the production line.
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:' ! DERIVATIVE ABSORPTION SPECTROSCOPY OF GaAs:Cr

R. Braunsteln(a), R.K. me(a), D. Matthews(b), and M. Btaunste;n(b)

)

! (a.) Physics Department, University of California, Los Angeles, U.S.A. 90024

o (b.) Hughes Research Laboratories, Malibu, Calif., U.S.A. 90265

“w'

¢ Infrared wavelength modulation measurements at 300K in the spectral range 0.5-1.4 eV
» on semi-insulating n and p-type Cr doped GaAs have revealed extensive fine structure
.;R with variations in absorption coefficient 1K v 10-1 -10-2cm~! out of a relatively
,$5 smoothly varving background absorption of 1-2 em~l, These results can be interpreted
o in terms of transitions from (Cr3* - Cr2*) to the valence and conduction bands and
4 excited states.

it 1. INTRODUCTION -~ EXPERIMENTAL PROCEDURES The samples were all semi-insulating and con-
". tained v 1018/cm3 Cr and where grown by ncrizon-

Although the deep levels of Cr in GaAs have been
extensively studied by luminescence, absorption.
photoconductivity and junction techniques, there
are still questions concerning the possible
energy level schemes of this important deep
impurity. In general, excited states are not
observed by the above technigues and absorption
thresholds are not easiiy observed. We have
developed an infrared wavelength modulated
spectrometer that is capable of detecting
changes 1n absorption of a part in 10° out of

a relatively smoothly varying background in

the spectral range 0.05-5.0 eV. Consequently,
our detection limit for concentrations of

deep levels 1is 1012-1014/cm3 which was previously
only possible by DLTS techniques. It has been
possible to observe absorption thresholds and
excited states in highly transparent solids(l).
Iin the present work, we report the results ¢l

a study of semi-insulating GaAs:Cr compensated
with n and p-type impurities. Structures

have been resolved in previously reported
smoothly varying absorption bands which we
interpret i1n terms of the level of Cr at various
lattice sites. The infrared wavelength
modulation system used in our work has been
previously described (l).

2. RESULTS

Figures 1 and 2 show the integrated derivative
wavelength data of semi-insulating GaAs:Cr

at 300K with varying degrees of shallow donor
and accegtor compensations. The constants of
Lntegration were supplied by direct absorption
measurements. Although data was taken in the
spectral range 2.5-1.5 eV, for purposes of the
present discussion, we shall discuss the data
{or the 0.5-1.2 eV reygion since the vast
literature on GaAs:Cr has considered this
regime. The region above 1.2 eV shows structures
wnich can be associated with transitions from

the :2* ground state to the X and L conduction
bands as well as ELI structures. The scale of
~he absorption should be noted; in jeneral the
best previous absorption data have a precision
of MK - J.1 cm™* (2), The present work reveals
structures at levels of K <10-2 cm~l 1n samples

tal Bridgman techniques. The samples 1n

Figure 1 were highly compensated while those in
Figure 2a and 2b were slightly more p and n~type
respectively. Although quantitative measure-
ments of shallow donor or acceptor compensation
are difficult for such high resistivity samples,
qualitative differences in n and p-type were
measured by the changes in the characteristics
of the space-charge limited I-V curves under
illumination and in the dark.

The general features of the data exhibit
clusters of lines in the 0.5-0.7, 0.8-0.95
and the 0.95~1.0S eV regions with extensive
fine structure in every region, but with more
pronounced structures in the 0.8-0.93 eV
range. Previous conventional absorption
measurements have shown a no-phonon line 1n
the 0.82 region (2) and a broad continuum
peaking at 0.9 eV for n-type material. In
the 0.5-0.72 eV region, previous absorption
measurements showed no fine structures but a
smoothly varying free carrier absorption. A
number of luminescence bands have been observed
in GaAs:Cr in the range 0.57-0.81 eV, but
their interpretation has been difficult (3}.

The relative magnitudes and the fine details
vary from sample to sample as seen in Figures !
and 2, but the envelopes of the dominant
structures tend to vary in a systematic fashion
with a degree of compensation. Samples 1in
Figqure 1 show essentially the same features
but the sample in Figure lb exhibits finer
structure at 0.8-0.9 eV while the bands in

the 0.5-0.72 eV have somewhat the same
relative intensities. These samples were from
the same crystal, but different parts of a
single wafer. The samples 1in Figure 2a and 2b
were more heavily doped p and n-type res-
pectively than the samples in Fiaure l. It
should be noted that the relative intensities
of the 0.5-0.72 eV bands chanue 1n Figures la
and 2b with the 0.%7 band enhanced 1n the
n-type sample while the 0.58 eV band 1s
enhanced in the p-type sample and the gzeneral
level of absorption has increased over that

of Figure 1. In addition, in the p-tyre

»f the order of Llmm thick. sample, the cluster of lines between 0.3 eV
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J.2Y = 1.J5 eV region an pe associated with valence
-

bani: to S, P> and Py, transitlons. Various
2stimates nave been made of the magnitude of
N

cne Jahn-Teller distortion for C+* and these

have varied ‘rom 175 omTf to YOO em™* (2). If
we =akc the teak at 0.95 eV and the shoulder

at 1.04 eV 1s due to_the transitions from the
~alence band to °8..°Ta), Pa, and "Ei3Ta), P,
resnectivel tne :Shn-Tengr distortion Egp

105 om~-, The transition 2B:-"E has not been
seen 1n abscrnzion in ads:Cr Jdesplte extensive
st.iles whioh mereliy reveal free carriler
AD32ri.tlon in this resion.
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T4r abscrption measurements show
4re :n the J.3-3.233 eV - more

: 3ameies, MOST Lrevlous measure-
50w 3 Lroad peas around J.3 @Y. Recently
1on pand at .30 eV and a no-

re zeen resoived and have oeen
retec as the lnterval transition 55‘.’T‘;-
It 15 of interest to note that
“ilne structuire around Y. eV in Tiraure 1

¢ iue 0 these nc-pnanon lines, althouan
meassrements were perdormed at 100K while
4pOove WOorkx was at 4K. Luminesconce

eriments n2ve shown a wana at .3l 2y and

L nonon e at J.332 eV (%), These lines
ommoniy oeen fonsidered to be an internal
2 otransiticn of -*, however, .t has been

: ).3) -
asurements

-ed that =he srouind splistaing oo
clte 1 Lnlunsiszent with E.C.Rk, m
).

The .uminescence bands i1n JaAs:Cr at 0.57, 0.61,
Jd.u4, J.08 eV have been difficult to interpret:
1t has been suggested that the 0.37 and Osél eV
bands are due to the transition from a Jr”

to rne valence band and from the conduction

band to a Cr”’ (6). The 0.62 eV band is

always present in n-typre materlal wnile in
semi~-:nsulating or p-typre SaAs:Cr the D.57 eV

1s more intense, wnile accompanied oy the

O.i‘ev band and thus can be attributed to the

<r state. Arguments have recently been
advanced that dispute that the 0.35322 eV and

the no-pnonon line 1§ beinc related %o a

single Cr acceptor center in i tetrauvonal sa
site (3). It has been rrorcsed that the

0.829 eV band and the 0.574 0.535 eV lines

are due to Jr at a Jj, symmetry site induced

by coupling of a chremium atom at an inter-
stitial or on a 3a site to a first nelihtor
impurity i{l). For a trigonal Iield, Ty,

thlis work snows that there 1s a r2ordering of
tne Zr levels different from the tetragonali site
shown in Figure 3. For intersitlal chromium

at a trigcnal Cjy site Coupled to an acceptor,
the ordering of the orbital levels are °E, °a,
and %€ from lower to Jrrer. ., while for a sub-
stitutional chromium at
=0 a_ionor the ordering Irom lower <o Jpper is
S5g, :Al' 52. The 1.574 eV and 1ts associited
emissicn are interpreted as transitions from
he 3iround state to the valence band.

.5

it 13 strongly suggestive that the absorpticn
barcs observed :n the :resent work are related
to the iuminescence bands in this srectral
recion. 1t snould be noted that for the
samries in Fisures Ja and Jb,wnich have 1
sligntly higher dcping, the level 5 acsorction
1s :reater for these bands than in the more
compensated sampies of Ti:iures la and ib.  In
the ¢-type sample >f Fiqure 2a, the 7.35% ev
line 1s ennanced over the ).641 eV iine, wnile
for tne n-tyre sample the J.671 eV line 1s
ennanced aver the J.%9, J.ol and Jd.oe eV lines.
Thus it seems %that these absorgtion pands can
be the complements of the luminesence bands.
The comriexity 0f thls structure 1s evident
and 1Iothey are due %0 I, trisonal symmetry
due =2 voupling with Jr to ionor or acleptor
Jomriexes, the subtle nues are Jue to
desree of compensation and conseguent gositicn
Of the Ferm: level in these four semi-~
tnsuliting samiles, The level orf apsorrtion
inoshe D03 - X T2 eV oand 0,85 - L.05 eV recions
would lnglcate that about 31 tomparable number
£ Jr atoms are it tetragonal and trisional

siteg.
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De-Correlation Technique for Separation of Drude Parameters |
from Wavelength Modulation Spectroscopy Data*) |

By
N M. Burp, R. STEARKS?), and R. BRAUNSTEIN

Separation of bound- and free-electron contributionsto the dielectric function is necessary for an

I accurate apalysis of interband transitions. A technique for doing this separation which does not
: require low energy data is presented. The technique makes use of the fact that the functions which

describe the contributions of each part are sufficiently uncorrelated, allowing the construction of
' s correlation function which uses the Drude effective mass and Drude relaxation time as adjustable
! parameters. The technique is shown to properly separate a test function and to yield reasonable

o results from experimental data.

Une analyse rigoureuse des transitions entre bandes nécessite une séparation entre les contributions

des électrons libres et celles des électrons liés. Nous présentons ici une technique pour éffectuer une

telle séparation qui n'exige pas de données & basse energie. La technique en question utilise le fait

que les fonctions décrivant les deux types de contributions sont suffisemment non corrélées. Cela

P permet de construire une fonction de corrélation en faisant de ls masse éffective de Drude et du
tempe de relaxation de Drude des paramétres ajustables. Nous montions que cette technique sépare
proprement une fonction test et fournit des résultats raisonnables & partir de données experimen-
tales.

1. Introduction

A The dielectric function, e(w), contains important information about the optical proper-
ties of solids. It is defined as the response of a crystal to an electromagnetic field,

Diw) = e(w) E(w) . a

The dielectric function is sensitive to the electronic band structure of the material,
and the determination of the dielectric function by optical spectroscopy is an important
tool for investigating the overall band structure.

’ The broad bands found in solid state spectroscopy are convolutions of & number of
K contributions which emerge when derivatives of the reflectance are taken. A number
i of modulation techniques are available, which include temperature [1, 2], electric
i field [3, 4], pressure or uniaxial stress [5, 6] modulation. Wavelength modulation is
employed in these studies because of the unambiguous lineshapes which emerge
[7 to 11]. Transitions are strongest at points where the lower and upper bands are
parallel, i.e., at frequencies which satisfy

f 1 UME.(k) — Ey(k)] = 0, )

where E, and E, are the energies of the upper and lower bands, respectively. At these
critical points in k-space, which are the van Hove singularities [12], the joint density

1) Los Angeles, California 90024, USA.
v ) Work supported in part by U.S. Army Research Office, Durham, North Carolina, and by
o the Air Force Office of Scientific Research.
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of states is singular. These critical points dominate the interband structure of the
reflectivity spectrum. With the proper experimental feedback, band-to-band energy
differences can be calculated with an accuracy of 0.1 eV. Energy band calculations are
usually adjusted to fit the results of optical determinations of interband transition
energies.

1t is necessary to find the real and imaginary parts of the dielectric function, ¢, and
&y, and their derivatives to examine the interband structure of the material under
study. However, the dielectric function may not be directly available from experimen-
tal measurements. In some experiments, the reflectivity, R(w), is obtained by inte-
grating the data from wavelength modulation spectroscopy; the real and imaginary
parts of the dielectric function are subsequently calculated by a Kramers-Kronig
analysis [13]. When the material being studied is a metal or metal alloy, however,
another step is needed. The dielectric function is the sum of two parts, a contribution
due to interband structure and a contribution due to intraband transitions of the
electrons at the Fermi level in the partially filled conduction bands. In order to sepa-
rate the interband and intraband transitions, low-energy data are required which
sometimes are not readily available.

We report a new technique for separating these contributions. For continuity of
presentation, Section 2 of this paper will review the classical formalism which is used
to describe the intraband contribution. Section 3 will deal with the interband struc-
ture, and Section 4 will present the new method of separation.

2. Classical Drude Theory

The classical Drude theory of the electronic properties of solids is due mainly to
Lorentz [14] and Drude [15). The Lorentz model assumes that an electron bound to
the nucleus of an atom may be dealt with in much the same way as a small mass bound
to a large mass by a spring. A classical damped oscillator model yields the Lorentz
dielectric function

47Ne? 1

m (0} —wt)—ilw ’
where I is a viscous damping coefficient, N the electron density, and mwjr is a Hooke's
law force. The Drude model for metals is derived from the Lorentz model; the con-
duction electrons in & metal are not bound to a nucleus so the restoring force is set

equal to zero.
When w, is set to zero in (3) and real and imaginary parts are taken, we have

e=1+

(3)

2.2

0=1—p . (42)
3

& wpr (4b)

= o + ottt '

where w, = (47Ne*/m)!/* is the free-electron plasma frequency. and =1/ is a
relaxation due to the ordinary scattering responsible for electrical resistivity.

The Drude model provides a good fit for the optical properties of metals at energies
below those of any interband transition. The experimentally derived dielectric func-
tion may be fitted to equations (4a) and (4b) where m is now replaced by an effective
mass, m* and m* and 7 are used as adjustable curve-fitting parameters. Once this is
done, the Drude dielectric function may be subtracted from the total dielectric func-
tion throughout the spectum to yield the interband contribution.
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One would expect that at energies where the photon energy is greater than the
width of the actual bands in a solid, the Drude model could not be used. However, it
should be remembered that the Drude model is simply a classical approximation and
that the values found for m*® and r are measures of the fitness of that approximation
st the Fermi level.

3. Interband Transitions

Points in k-space for which (2) applies are van Hove singulsrities. These critical
points form the dominant contribution to the interband part of the dielectric function.
There are four types of critical points which are labelled as M, critical points, with
¢ =0,1,2, 3 for the number of negative values of the effective masses associated with
the band curvatures at these points. The lineshapes of the four types of critical points
determined by the joint density of states, Joy, without broadening are summarized

in Table 1. .
Tablel
Jev for critical points
eritical Jev
int
po K < g E > day
M, 0 CE — hayg)if2
M, C, — Caday — E)2 C,
M, C, C, — Co(E — dagt
M C)(havg — PP 0

The effects of phonon broadening may be included in the dielectric function by
introducing s phenomenological broadening parameter, 7. A dielectric function which
includes broadening nesr an M, critical point can be defined by [16, 17]

e—1~(w+ ) *2)" + (g —0 — )" + (0, + @ + )P (5)

When derivative spectroscopy is being done, the derivatives of ¢ need to be con-
sidered. If the broadening parameter, 1, is small (w <€w,). the main contribution
to the derivative of (5) is due to the (wg — w — i)' term. This term is singular in the
limit 9 — O while the other terms are well behaved. Using an M, critical point as an
example, and defining a reduced frequency W = (w — w,)/n, we obtained [18. 19]

de,

5 a0+ iy -]

-;_ NI (W L 1)1 (R 4 1) . W

-;—'l"” F(-Ww), (6a)

% ~ Im [;— (w+ M) (wg - w — t'v))‘”’J

=g 0IAR 4 1] (W 4 1 4 B

. -% n-12 F(W) . (6b)
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e s T Fig. 1. Universal function derived by Batz
5 TN [18). The function F(W) = (W* + 1)—1/2 x
g A X [(W* + 1)1/2 4 W12 where W is a nor-
ory & [ malized freqliency. #~12F(W) becomes
) < F @ — wg’? in the limit n — 0. W =
N M: - (0w — w])/’l
e -
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T The universal function F(¥¥') was derived by Batz [18] and is illustrated in Fig. 1. Tt is
! found that the derivative spectra around other types of critical points can also be
¥ expressed in terms of this function. The results are summarized in Table 2. The
A function 5~ F(W) goes to (w — wg)~ 12 in the limit  — 0, as expected.
'
:"' Table 2
4 Derivatives of critical points with broadening
P included in terms of F(W)
i
«:' critical 2172 dey 2nire Y,
o point dw dw
’ M, F(—W) F(W)
) M, —F(W) F(—W)
-, M, —~F(—W) —F(W)
M, F(W) —F(—-W)
-
fe
L4
K: 4. Separation of Bound- and Free-Electron Contributions
)
~ When experimental data exist for energies less than any interband transition, the
-)': Drude forms in (4a) and (4b) may be {it to these low-energy data in order to determine
:’_‘.- m* and r. The spectral range of our wavelength-modulated spectrometer is 1.5 to
. 5.1 eV. Since many metals and metal alloys have significant interband structure down
~ to the lowest energies of this spectral region, the above method cannot be used. How-
R a? ever, when the derivatives of (4a) and (4b) are compared to (6a) and (8b). it is noted
that the Drude dielectric function and the interband term at the critical points are
- sufficiently uncorrelated to justify the method used here to separate then.
> The method of separation is the use of m* and r as adjustable parameters in writing
e, a trial Drude function, subtract the Drude function from the total dielectrc function
o obtaining a difference function, and calculate the correlation of the Drude and differ-
.r_‘, ence functions. The de-correlation function may be written [20] as
~ (cov [B,, Ay — By))* -
. Cym®, 1) = — : , (7a
7 A =B 14, — B o)
L where
L)
1 — -
:| : cov [B" A’ - B’] = F z (B') - B’] “Al) - Bl)) - (Ai_ BI)] , (7b)
g
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Sl
1 =
e ViB) = Z‘ (Byj — By)*. (7e)
) -
£ The function 4 is the derivative of the experimental dielectric function, and B is the
. derivative of the trial Drude function. The sums are over data points, X, the subscript
R s ; i =1 or 2 for the real or imaginary parts, and the bars indicate averages over all
4 Z: points. cov (B, 4y — B,] is the covariance of By and 4, — B,. V[B,] is the variance
g of B’.
PN A computer program has been written which, for a given 7, finds the value of m*
'jq which best minimizes (7a) [19]. This produces two curves m®(r), one for j = 1 and
’ another for j = 2. Then these two curves are plotted together; their intersection gives
N the physical values of m* and 7. These are the correct values of the Drude parameters
Ko since they are the ones which simultaneously minimize the de-correlation function for
g both the real and imaginary part. In each de-correlation function alone there is only
i \ ) one independent variable, which has been chosen to be 7. When 7 is fixed, there will
‘i always be some value of m* which best minimizes C(m*, r). When values of m* and ¢
RX o . are found which minimize both C, and C,, we have confidence that we have found the
P correct physical values. Once m* and r are determined the Drude part of £ is subtracted
‘*’ leaving the interband part.
X To test the method, a trial function was formed. It was the sum of Drude and inter-
. ,.r: band contributions in the range from 1.5 to 5.1 eV. The Drude term was given an
g effective mass of 1.4 electron rest masses and a relaxation time of 1.2 x 10-* 3. These
;& ' values are within the normal range found in typical metals. The interband part had an
S M, critical point at 2.5 eV and an Mj critical point at 4.0 eV. The two parts were cal-
Y A% [} "
q e
v 12+
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Fig. 2 Fig. 3
Fig. 2. Results of de-correlation functions for the test functions described in the text. A function,
W m*(r), is generated for each de-correlation function, C, and C,. m*(r) is the value of the effective

mase which best minimizes C, or C, for a given value of the relaxzation time, r. One curve is gene-
rated by using ¢, in (7a) to (7¢) and the other curve is from ¢;. The point where the curves cross

. : ' represents the correct physical value of m* and r. Test function: m®*/m = 1.39, v = 1.19 x 1014,
» AL

B o Fig. 3. Dielectric function of 8’-AuZn which was used to test the de-correlation technique. a) Real
) part, ¢,; b) imaginary part, ¢,. The derivatives of these were used to find the Drude parameters
l‘ ‘.
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Fig. 4. Results of the de-correlation functions for B’-AuZn. The point where the curves cross is at
m*/m = 1.10 electron masses and r = 2.76 x 10-¥s

Fig. 5. Interband contribution to the dielectric function of B’-AuZn. The Drude parameters found
in Fig. 4 were used in (4a) and (4b), which was then subtracted from the experimental dielectric
function of Fig. 3

culated using (4a) and (4b) and Table 2. The curves for the golution of the test function
. are shown in Fig. 2. The values found at the intersection of the curves were m* =
} = 1.39 electron masses and r = 1.19 x 10~ s,
j Fig. 3 shows ¢, and e, for 8’-AuZn obtained by integrating wavelength modulation
data. The graph of the correlation minima is given in Fig. 4. The values at the inter-
» section of the curves are m* = 1.10 electron masses and 7 = 2.76 x 10-8s. The
: value for m* is slightly lower than previously reported (21). Fig. 5 shows the bound
parts of ¢, and ¢, (£15 and &3),) after the Drude terms are subtracted.
. This separation technique has two shortcomings. The first is that the Drude relaxa-
tion time is not actually a constant over the entire spectrum. The value obtained is
) assumed to be an average value over the spectral range. However, this problem also
’, occurs when extrapolations from low-energy data are used. The advantage in this
! calculation is that here the values are from the visible-ultraviolet part of the spectrum
which is actually under study. Secondly, there is a emall ww—2-contributior to the bound
parts of the dielectric function. However, if the linewidths of the interband transitions
are small compared to the transition energies, these terms may be neglected [18, 22].
Such terms may cause a small error in the Drude parameters, but will not cause any
change in the general lineshapes of the interband contributions to the dielectric
function, which are the important results for band structure determinations.

-
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Fully electronic servocircuitry for wavelength-modulation spectroscopy

R. Steams.” J. Steele,” and R. Braunstein

Deparowent of Physics, University of California, Los Angeles. California 90024
(Received 3 February 1983; accepted for publication 20 April 1983)
Electroaic circuits have been developed to replace the mechanical servos and lock-in amplifiers

customarily used in a wavelength-modulated derivative spectrometer. The result is a faster
response and wider range of gain while maintaining a constant photomultiplier-tube voltage.

PACS numbers: 84.30.Wp, 06.70.Td

INTRODUCTION

The identification of Van Hove Singularities' in optical ab-
sorption or reflection spectra can be difficult, since singulari-
ties are usually superimposed on a broad structureless back-
ground. In the case of metals, this background is the Drude
intraband spectrum, and interband singularities can be small
compared to this background. This problem is especially
acute in the case of three dimensions as Van Hove singulari-

ties do not produce infinite peaks, but only changes in the

slope of the optical properties. Broadening mechanisms re-
duce the optical structure in all cases.

The optical structure associated with critical points can
be greatly enhanced by the use of derivative, or modulation,
spectroscopic methods. The dielectric function near a three-
dimensional critical point may be written as'~*

€)= b — @,)""* + constant, ]
#iw is the photon energy and #iw, is the transition energy at
the critical point. The constant in Eq. (1) represents the back-
ground contribution, which may be larger than the singular
part. Thus, observation of the critical structure may be lost
in the background. Therefore, it would be most advanta-
geous to measure, not € directly, but the derivative of € with
respect to some parameter x. Since the background does not
vary rapidly, it would essentially be eliminated from the
spectrum. This leads to .

o,)

d yyadl@—
—‘— - —(a) .) ”2(—_. (a) , )I/!

The first term in Eq. (2) diverges at the critical point @ = @,
and is, therefore, easily detectable in a derivative spectrum.
The second term in Eq. (2) is generally negligible near
@ = ), since b can vary slowly. There are two obvious possi-
bilities for the differentiation parameter x. The first is the
energy of the incident radiation Av and the second is the
critical point transition energy #w,.

Techniques which modulate the energy critical point
transition avoid experimental complications which will be
found in frequency (wavelength) modulation experiments,
but have the analytical problem of ambiguous interpretation
of line shapes. Possible parameters which modulate the ener-
gy gap include hydrostatic pressure and uniaxial stress,’®
electric field,”* and temperature®'® modulation. The ambi-
guity of these methods can be seen when Eq. (2) is reduced to
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Detailed analysis of the lineshapes of Van Hove singu-
larities is not possible uniess one already has knowledge of
the contribution from dw, /dx. Thus, the theory of internal
modulation experiments depends not only on the theory of

-the optical properties, but also on the effect of the perturba-

tion parameter x on those optical properties.
When a frequency-modulated light beam''~'¢ is used,
Eq. (2) reduces to

% - %(«u—w )12 @

Thus, there are no theoretical ambiguities in the interpreta-
tion of data. If the dependence of the frequency of the modu-
lated beam is

o = o, + {Aw) cos 121, (5)

where 4w is the depth of modulation and £2 is the modula-
tion frequency, then we have

€ = €(w,] + A€ cos £2¢. (6}

If A€ is measured, the derivative of the dielectric function
may be found from

— = lim —. ()]
 de=0da

However, de¢ is generally not measured directly. In-
stead, the modulation of the reflectivity 4R or the transmis-
sion 4T is measured. Great accuracy and sensitivity can be
achieved in the measurement of AR or 4 Tby means of phase
sensitive detection with a lock-in amplifier.

A double-beam, single-detector optical system with its
associsted electronics for obtaining wavelength-modulated
derivative spectra was previously reported.'* This system
eliminated problems due to background derivative structure
caused by source, detectors, optics, and stmospheric absorp-
tion. We now report electronic circuitry which has been de-
signed to replace the system of mechanical servos and lock-
in amplifiers which is normally used.' This new system has
the advantage of faster response times and wider ranges of
gains while maintaining a constant voltage to the photomul-
tiplier tube.

. WAVELENGTH MODULATION

Wavelength-modulation derivative spectroscopy has
experimental difficulties, which may be overcome, com-
pared to other types of modulation as may be seen in the
following.

In conventional reflection measurements, the total sig-
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nal 7 reflected from the sample is

IR)=RQRA)LA) 8)
where R is the reflectivity and J, is the signal incident on the
sample. The wavelength derivative of Eq. (8), which is de-
noted by prime, is

I'=R'I,+RI,;. 9)

The second term in Eq. (9) is what causes the difficulty in
wavelength modulation experiments with respect to other
modulation techniques. In other methods, where only sam-
ple is modulated, this term is zero. However, when the wave-
length is modulated, this term contains the derivative of the
incident beam, which includes wavelength-dependent infor-
mation about the light source, optical path, atmospheric ab-
sorption, and detector response. R/ ; is, more often than not,
on the same order as R ‘I and, as is the case of a light source
with sharp line structure, may be orders of magnitude larger
than R 'J,. A means of subtracting this contribution to the
total derivative signal is essential if meaningful wavelength
modulation data are to be obtained.

If Eq. (9) is divided by Eq. (8) and the terms are rear-
ranged, we get

R _I _ I_° . ' (10)

R 1 I,
This is the quantity which we wish to extract from the exper-
iment. We choose to keep the signal level in each term equal,
so that the subtraction may be easily done electronically.
Rearranging Eq. (10), we now have

£

R
where k = I /I, A qualitative description of how R /R is
determined will be given first, and then the new electronic
system will be described.

The double-beam optical system is shown in Fig. 1. The
signal from a Perkin-Elmer 99G monochromator'® is mod-
ulated at 217 Hz by a vibrating mirror.'*'® The signal re-
flected from the sample when the chopping mirror, which
rotates at 13 Hz, does not block the beam will be called the
sample channel. The signal reflected from the chopping mir-
ror during the other half cycle will be called the background

- %ur_u:,; an

Sync. out ——

Retlecting
sample

F1G. 1. Double-beam signal detector optical system. Light from the Perkin—
Elmer 99G monochromator is modulsted at 217 Hz. The chopper C rotates
st 13Hz
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REF

FIiG. 2. Wavelength-modulation waveforms: (a) Chopper cycle of the raw
signal from the photomultiplier. The higher level is the background chan-
nel; the lower level is the sample channel. (b) The raw signals have been
gated and servoed to a predetermined reference level. (c) The servoed and
gated signals have been separated into their own output channels and ac
coupled 1o eliminate the 13-Hz component. :

channel. Figure 2 shows how we would like to process the
signal. Figure 2(a) is the raw signal from the photomultiplier
tube. The higher level is ], and the lower level is /, because
the aluminum chopping mirror will be more reflective than
the sample. In Fig. 2(b) we have gated a portion of each
channel and amplified it to a reference level, which will be
kept constant. Thus we have brought the signal channel toa
constant level which is our new level for 7 and also made [,
equal to I. The constant & in Eq. (11) now represents the fact
that different gains are needed in the sample and background
channels to bring them to the reference level. The 217-Hz
components in the sample and reference channels are now
proportional to k/ ; and / ' and are shown by signals Band A,
respectively, in Fig. 2(c). We can now run these to a differen-
tial lock-in amplifier, and the difference between the two
signals will now be proportional to 7’ — k/ ;.

This new electronic circuit is designed to make the
source to output gain at the 13-Hz chopping frequency the
same for both the sample and background channels. The
differential derivative and logical circuits are shown in Figs.
3 and 4, respectively. The current output of the photomulti-
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Fi1G. 3. Differential derivative circuitry. Signals K, L. and M are from the
logic circuit {Fig. 4). ’
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T4C00 74004
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= —= FIG. 4. Logic circuit. This circuit gener-
ates the switching signals which drive the
feedback networks of Fig. 3.
— K
| L

plier tube is the direct input to the inverting terminal of a
National Semiconductor LM308A operational amplifier'’
(OAL1 in Fig. 3). This op amp is connected in the current-to-
voltage configuration and has three switched feedback net-
works. Each network is switched into the circuit during a
different portion of the rotation period of the chopping mir-
ror. These networks function to make the output voltage of
the op amp (OA 1) equal to a reference voltage, which is the
reference level of Fig. 2(b), chosen to be 200 mV. These net-
works serve to replace the mechanical servomotors used in
the original design of a wavelength-modulation system.''¢

Each feedback network consists of a 2N4360 field effect
transistor, an RCA CD4066 CMOS analog switch,'* and
another LM308A op amp connected as an integrator. The
CMOS switches are marked S1 through S5 in Fig. 3. The
LM308A integrator uses the integrated value of the differ-
ence between the output of OA 1 and the reference voltage to
control the source-to-drain resistance of the 2N4360 FET.
This brings the 13-Hz component of the output of OA 1 equal
to the reference voltage. The output of the LM308A integra-
tor is coupled to the gate of the FET with a 30K resistor and
a 10-uF capacitor so that the 217-Hz modulation signal will
have no effect on the source-to-drain resistance to the FET.
An integration time of 1 s has been found to be adequate in
this system.

The output circuit for each signal, sample and back-
ground, is a DC4066 CMOS switch (marked S6 and S7) cou-
pled with a 1-uF capacitor to the output BNC connector.
The 1-uF capacitor charges to the referee voltage and only
the 217-Hz modulation component of the signal appears at
the output. This produces the output signals in Fig. 2(c).

The remainder of the discussion deals with the switch-
ing signals which drive the feedback networks. These signals
synchronize the system to the rotation of the chopping mir-
ror and time the onsets and widths of the gate for.the feed-
back circuits. These signals are timed by a synchronization
trigger, derived from a photodiode located on the rotating
mirror, which drives a set of one-shot multivibrators and flip
flops. This circuitry is shown in Fig. 4 and the timing signal

208 RAev. Sci. instrum., Yol. 54, No. 8, August 1983
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which is produced is given in Fig. 5. Figure 5 also shows the
signals from Fig. 2 for reference.

The synchronization trigger signal is squared in an
LM399A comparator (Fig. 4) with positive feedback and
buffercd with a CMOS band gate stage to form the trigger
signal (A in Figs. 4 and §). Trigger signal A starts one-shots B
and C, which are CD4047's. One-shot B is timed to run for

SYNCINPUTA n__
A uT | —\J
l'j | I
8 B S e T T S
[ ] ] | 'Rl
[4 | ) g B L gl
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0 I " a
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[} [}
T
Vol [ 1 I
M b Iy T .
U | ] 1
REF [P L e aaaa
[} 1
oUTPUT ! R
oAl ! i
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) ! :
1 ! |
0 hAAA—
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F1G. 5. Timing diagram. The timing of each signal in Figs. 3 and 4 are given
in relationship to each other. Parts of Fig. 2 are reproduced at the lower
parts of this figure for reference.
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one-half of the rotation time of the mirror, 38.5 ms. It is used
to determine which channel, sample or background, is being

gated at any particular time. When one-shot B ends its peri-

od it starts one-shot C. One-shot C starts one-shot D and is
also used to center the sample and background periods in
their respective time windows. This sequence then provides
the delay signal for timing the starts of the gates. One-shot D
sets flip flop F, which controls the feedback network sam-
pling time, that is, the width of the gates. D also starts one-
shot E. The starting of one-shot E sets flip flop G, which is
used to start the gate time of the output circuits.

When the signal from flip flop F is added to signals B
and B inverse, signals K and L are formed. These are the
actual gating signals which control the active feedback net-
works. The signal from flip flop G, when added to B and B
inverse, forms signals I and J, which control the output
switches. Signal M controls the impedance of the amplifier
during the transition of the chopper between sampie and
background. It is the complement of F from the same flip

flop.

All of the logic was implemented in CMOS, using
CD4047's for the one shots and 74C74's for the flip flops.
NAND gates are 74000’s and inverters are 74C04’s.

The output signals are sent to a PAR Model 124 A
Lock-In Amplifier with a PAR Model 116 Differential
Preamplifier.'® The sample and background signals are dif-
ferentially amplified, with the 124A in the high dynamic
range with a Qof 1.

The differential derivative circuit was constructed with
conventional point-to-point wiring in a double NIM mod-
ule. All power is obtained from the NIM bin. For conve-
nience in checking and calibrating the unit, a 217-Hz refer-
ence oscillator was constructed in the same module.

li. SYSTEM SENSITIVITY

The critical test of the system is its ability to eliminate
signals which are due to sharp structure in the source. Figure
6 shows the structure from the line at 4193 A in the spectrum

-— (o}

2:10°

-2u10"

Wovelength (4)

F1G. 6. Comparison of balanced (b} and unbalanced (s} scans of the Xe line at
4193 A. Note the scale changes between the two curves. The wavelength
scale extends 100 A on either side of the 4193 A line.
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Woveiength (A)

F1G. 7. Comparison of balanced (b) and unbalanced (a} scans of the Xe line at
4383 A. Note the scale change between the two curves. The wavelength
scale extends to approximately 100 A on either side of the 4383 A line.

of a 150-W Hanovia Xenon arc lamp which is the source for
the violet and ultraviolet regions. The figure shows the re-
sults for both the modulated signal (a) which has not been
processed by the differential derivative circuitry and also the
signal (b) when this spectra line has been balanced by the
system. Note that the balancing by the system reduces the
signal by three orders of magnitude. The signal level of the
balanced line of Fig. 6 represents a maximum sensitivity of
AR /R = 1.3 X 10™*; this is the worst case result. In practice,
sensitivities of better than 10™* and down to 10~* are rou-
tinely obtained in regions of the spectrum without sharp
lines in the source. Figure 7 shows the structure at 4383 A in
the same source spectrum. Here the improvement is much
better than three orders of magnitude with the best AR /R
being 91073,
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~ Wavelength Modulated Spectra of «-Ag,;Zn,.; near 1‘
the Optical Absorption Edge*) |
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Dedicated to Prof. Dr. Dr. b. c. Dr. E. b. P. GirricH on the occasion of his 80th birthday

The optical properties of a-phase Agg 7Zng.3 are determined near the optical absorption edge. This
alloy composition dampens the sharp Ag-plasma resonance. The band shifts which are observed
are in qualitetive agreement with calculations which are performed for the similar alloy,
a-Cuo.7Zno 3.

Die optischen Eigenschaften der a-Phase von Agg.1Zng.3 werden in der Nihe der optischen Ab.
sorptionskante bestimmt. Diese Icgimngnuummemeuung dimpft die scharfe Ag-Plasma-
Resonanz. Die beobachteten Bandverschiebungen sind in qualitstiver Ubereinstimmung mit
Berechnungen, die fir die shnliche Legierung a-Cug.7Zng s durchgefiihrt wurden.

1. Introduction

An outstanding feature of the optical properties of Ag is the sharp onset of interband
transitions near 4.0 eV’ in the near ultraviolet, a feature which is very near the plasma
resonance. This interband absorption edge is due to the overlap of contributions from

d-band to Fermi level transitions and Fermi level to

" conduction band transitions, both in the L (111) direc-
¥t tion in the Brillouin zone {1 to 3). Optical results tend
: to support this interpretation (4 to 8], although it has
Ly=Ly LKEr)Ly been questioned by Christensen {9].

L Near the absorption edge, the optical spectrum of Ag
"B should be sensitive to alloying. Since the transitions
L which are involved in the absorption edge involve free
Ly F/‘ £F electrons at either the initial or final state, alloving
1 d | with Zn should shift the Fermi surface enough to

I

LJ’Lz’(ff)

]

]

i

B sy :
d L " Fig. 1. Energy bands near the L point in pure Ag (6]
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separate the two tranmsitions. In noble metals, the L, (s-like) level is more sensi-
tive to the crystalline potential than the L, (p-like) or the L, (d-like) levels [8].
(These leveis are illustrated in Fig. 1.) Therefore, perturbation of the potential by
slioying should result in a separation of the two transitions. The experimental results
presented here do show a separation of the transition energies. As expected, the
separation appears to be due to & downward shift of the L, level with respect to the
Fermi level.

2. Sampie Preparation

Precisely weighed amounts of 0.9999 pure Ag and 0.99999 pure Zn were sealed in
quartz tubes at a pressure of less than 10-* mm Hg. They were melted and thoroughly
mixed by being shaken in the liquid states 5000 times and then quenched to room
temperature in & water bath to form s homogeneous ingot. This ingot was, in turn,
homogenized by heating to 850 °C for 24 hours and then cooling slowly. After cutting
and polishing, the sample was given another 24 hour anneal, this time at 225 °C,
and then again slow cooled. This was to relieve cold work acquired in the } .lishing
process.

Leavings from the cutting process were assayed for Ag content by the U.S. M:at,
which confirmed that the final composition was within 0.1°, of Age.:Zng 3.

3. Experimental Method

Wavelength-modulated spectroscopy (10, 11] was used because of the unamhiguous
lineshapes obtained by this technique and the resulting ease of interpretation of these
lineshapes. The theory of wavelength-modulation spectroscopy is well detailed
elsewhere [12, 13). The theory of lineshapes near a three-dimensional critical point
was given by Batz (14, 15]. It is sufficient here to give the theoretical lineshapes for
the sake of reference. All three dimensional critical point lineshapes mayv be expressed

Table 1

Derivative of critical points with broadening included in terms of F( W)
F(W) = (W2 + V2 & W22+ 1072, B = (0 — wgliy

critical de de,
an12 20 12 &4

point " 2 dw

M, F(-W) F(w)

M, —F(®) F(—-W)

M, —F(-W) - F(W)

M, F(W) —F(—=W)
4 -
w0 4 Fig. 2. Universal function, F(W), derived
3 by Batz [14, 15) for lineshapes near critical
St points as seen in wavelength modulation

spectroscopy. F(W) = [W? — 1]-1/2x
05 x [{W? + 1)4/2 + W], where ' is the
reduced frequency tw — wy)/n. Awg is the
interband energy (a the critical pointandn
;  isa phenomenological broadening parameter
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Fig. 6. Energy loss function of 2-Agg 1Zng 3
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Kronig analysis of the data and separate the real and imaginary parts of the dielectric
function, extrapolations over all energy must be done. For the infrared region, a
Hagen-Rubens extrapolation to a reflectivity of 100°, at zero energy was used [18].
For the ultraviolet extrapolation, modified silver data [17] were used. Using this,
the real and imaginary parts of the dielectric function, ¢; and ¢,, are calculated. These
are given in Fig. 4a and b. The dielectric function is then differentiated to give ¢, and
& (Fig. 5).

The important point to note concerning the data is that the plasma resonance
which dominates the experimental spectrum of Ag [17] is greatly damped in this
alloy, a8 may be seen from the fact that ¢, does not go through zero at any point 1n
the experimental energy range, and from the strongly damped peak in the energy
loss function at 3.85 eV’ (Fig. 6). The ¢, shown in Fig. 4 is in excellent agreement with
that of previous results [5]. Note also that the principal dip in the reflectivity is at
a considerably lower energy than in pure Ag. This occurs between about 3.6 and
3.8 eV in the alloy, compared with 8 minimum of about 3.85 eV in pure Ag.

5. Free-Electron Effects

The free and bound parts of the dielectric function have been separated by a de-con-
volution method which has been described eisewhere [18, 18]. The Drude effective
mass was found to be 1.23 free electron masses and the Drude relaxation time was
found to be 1.87 x 10-1¢ gecond. These results compare well with the values found
for Ag. Previous results for the effective mass of silver are m*/m = 1.03 [1] and 0.97
[20]. The relaxation time in Ag was found to be 1.6 x 10 s at 3 eV [17].

We thus see that the Drude part of the dielectric function predicts some {lattening
of the bands at the Fermi level. Although alloving will be seen to have a considerable
damping effect on the interband properties of Ag, the long relaxation time found
here indicates that the behavior of free electrons is not significantly changed. We
may conciude that this amount of alloying has only small consequences for those
electronic properties described by the Drude theory.

6. Interband Transitions

Once the Drude effective mass and relaxation time are known, they may be used to
subtract the intraband contributions to the dielectric function from the total ex-
perimental function. The resulting real and imaginarv parts of the hound-electron
contribution to the dielectric function are shown in Fig. 7. Their derivatives are given
in Fig. 8. It is these derivatives of the bound part of the dielectric function which are
used to assign interband transitions.
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Fig. 7. Bound part of dielectric function a-Ago,; Zno 3 determined by subtracting the Drude contri.
bnnon from the data of Fig. 5. a) Real part, e1p; b) imaginary part, ez

Fig. 8. Derivative with respect to energy of the bound part of the dielectric function of x-Ago.7Zno 5.
8) Real part, ¢;,; b) imaginary part, 3. With reference to the energy bands in Fig. 1, the following
transitions are identified: L2-(Ey) — L, (3.55eV), Lp- — L, (3.83 0V), L, — L2(Ey) (4.37 V)

It is interesting to compare ¢s, of Fig. 7 with the ¢, results shown in Fig. 9e of (5].
The earlier work shows maxima in ¢, at 3.1 and 4.9 eV with a minimum at 4.1 eV,
The current work has a maximum at 2.8 eV, & minimum at 3.6 eV, and maxio 1 at
4.0 eV, which are resolved here where they were not previously. We thus see that the
features found in this study are at lower energies than in (5].

The current literature does not firmly fix the exact value of the Ag interband
transitions of interest in this study. While the energy gap for the Ly- — L, transitions
ranges from 3.8 eV (7] to 4.1 eV (5], the values quoted for the Ly — Ls(Ey) transition
range from 4.1 eV [7] to 4.4 eV [5]. Clearly, there is enough discrepancy in the ex-
perimental values for these energies that it will be difficult to accurately assess the
effects of alloying on them.

No band structure calculation has been reported for z-Agq :Zng 3 but calculations
do exist for 2-Cug ;Zngy (21, 22). In the work of Bansil et al. [22], predictions are
made for the shifts in the interband transitions of interest due to alloving. The
L, — Ly (Ey) transition is predicted to move upward by about 0.3 eV and the L.- — L,
transition is to move downward in energy by 0.1 to 0.8 eV depending on the amount
of lattice dilation due to alloying.

Since both transitions would be at saddle points in the Brillouin zone, a dip in ¢y,
would be expected near the critical point for each of them {14, 15]). The nunimum in
£1p at 3.88 eV is the expected structure due to Ly — L,. The associated structure in
€32y i8 the peak at 3.78 eV. This places the critical point at 3.83 eV, coinciding with
v the peak in the energy loss function. The peak in £, a* 3.55 eV is due to the onset
of transitions at Ly (Eg) — L,. We may then conclude that the La- cmitical point lies
0.28 eV below the Fermi level.
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Ehrenreich and Phillipp (17} assigned the mean £, Ag peak at 4.4 eV 10 the direct
tranaition from the d-band to the Fermi surface Ly — Ly (Eg). The Lg band is filled
at the cnitical point, so the actual critical point transition structure for the L, — L,
transition will not be seen. A break in the derivatives of ¢, should be seen at the energv
where traneitions to the Fernn level begin to occur. The Ly — Ly (Ey) transition will
produce & downward bresak 1n £;, with an associated break in ¢y, at the same energv,
which 1s the energyv of the onset of interband transitions. Such bresks are seen at
4.37 eV 1n Fig. 8. Thus, our data show that there 18 very little shift of the transition
in the 2-Agy, ;Zng s alloy. This places the Ly — L, cntical point gap at 4.09 eV when
the results from the data for the Ly — L, transition are used.

7. Diseussion

The results of this study indicate that the effects of alloving in the Ago:Zno; are
actually fairly small. The shifts in the interband transitions must be on the lower end
of those predicted for the 2-Cuq :Zno s svstem by Bansi et al. (22]. If the L, - L. Ep
transition with an energy of 4.37 eV has been shifted by —0.3 eV, as night be ex-
pected from the x-Cug ;:Zn, y study, then this transition should have an onset at about
4.1 eV in pure Ag. This value is just within the range of experimental values which
bave been quoted. However, there 18 also good evidence that this transition 1s essen-
tially unshifted from thst in pure Ag (5, 17}

The actual shift in 2-Cug :Zno 3 for the L; — L, transition 1s about —0.2 eV {23, 24}
Using this value would place the L, — L, transition in pure Ag at 4.0 eV which s
about the middle of the experimenta] values for this transition. Previous work which
shows that Ly — L, Eg! 18 unshifted closelv agrees with this assignment for L, - L.,
1D pure Ag (5, 17].

The followaing may be cited as the important results of this study:

v In this alloy composition, ¢, 18 danipened such that the main Ag piasma reson-
ance 18 greatly reduced.

(i1 The Drude effective mass predicts a shight flattening of the bands. The fact that
the energv difference L, — Ly (E;)180.28 eV 18 not any help in confirming the flatten-
ing since values for this difference for Ag are reported to lie between 1.2 and U.3 eV

(1) The fact that the Drude relaxation time for this alloy i1s approximatelv the
same for pure Ag indicates that this amount of alloving has not greatly affected the
mean free path of conduction electrons.

{ivy The shifts found in the interband transitions between pure Ag and the allov
indicate that the transition usually more sensitive to perturbation of the crvstal
potential (Ly — L)) has a shift of about —0.2 eV, while the less sensitive transition
{Ly — L. may be essentially unshifted. This indicates that, at least in this portion
of the Brillouin zone, the rigid-band model mav be used to describe the interband
transitions of this alloy, with only a shift of the s-like (L,) band.
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Infrared wavelength modulation spectroscopy of some

optical materials

Ryu K. Kim and Rubin Braunstein

Infrared wavelength modulation techniques were developed and used to investigate the low-ievel absorption
of some optical materials such as alkali halides and alkaline earth fluorides. The results reveal rich absorp-
tion structures which enable an identification of some of the surface and bulk impurities of these materials.
Those impurities are principal sources of optical absorption which limit the expected transparency of these
materials in the spectral region studied (2.5-12 um).

L introduction

The development of high-power laser sources has
generated considerable interest in the study of very
weak absorption processes difficult to detect by con-
ventional spectroscopic methods because of the need
for low absorption laser components. In recent years,
extensive theoretical and experimental investigations
have been conducted in an effort to determine the fre-
quency and temperature dependence of the absorption
coefficient of a number of alkali halides and alkaline
earth fluorides to identify the principal mechanisms
responsible for intrinsic and extrinsic absorption pro-
cesses. The very low values expected of the absorption
coefficient characteristic of multiphonon infrared ab-
sorption have spurred the development of various spe-
cialized measurement techniques and/or refinements
of existing ones.!

The majority of the investigations have focused on
jonic solids, especially alkali halide crystals. The latter
are attractive for theoretical analysis because of their
relative simplicity and the wealth of knowledge already
available about many of their fundamental properties.
Experimentally, alkali halides again represent relatively
well-investigated materials in terms of fundamental
properties as well as growth, preparation, and purifi-
cation.

Deutsch? showed that the exponential dependence
of absorption coefficient K(w) for multiphonon pro-
ceases follows the empirical law

The suthors are mith University of California, Physics Deparument,
Los Angeles. California 90024.
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K(w) = Agexp(—Aw), n

where Ag and A are material dependent parameters for
a wide class of materials which includes alkali halides,
alkaline earth fluorides, oxides, and semiconductors.
Sparks and Sham? developed a theory for the expo-
nential dependence of K(w). Duthler* estimated the
absorption coefficients for some alkali halides in the
regions of interest, particularly at the wavelength of the
COq laser line (10.6 um), by assuming a Lorentzian line
shape of impurities peaked at the appropriate wave-
lengths. The extrapolation of exponential dependence
of the absorption coefficient to the spectral region of
interest as laser window materials in the 2.5-12-um
region predicts the absorption coefficient to be as low
as ~10-7 ecm~!, but in practice the absorption coeffi-
cients are always higher than the predicted values,
sometimes by 2 orders of magnitude and varying from
sample to sample, indicating the presence of extrinsic
absorption due to impurities.

To improve the ability to measure the very small
values of the absorption coefficient in very high-purity
materials, a laser calorimeter has been employed.®> In
this method, an incident laser beam is passed through
the sample, and the temperature rise produced by ab-
sorption of the radiation is measured. By this method,
values of K(w) in the range of 104 or 10-5cm~! have
been measured.® The major disadvantage of the laser
calorimetry approach is that one can measure K(w) only
at those discrete frequencies at which laser radiation is
available. To identify the mechanisms which limit the
ultimate transparency of solids, knowledge of variations
of the absorption coefficient as a function of frequencies
and temperature at very low level is required.

We have developed an infrared wavelength modula-
tion technique which has a sensitivity as low as ~10-5
cm~!in the spectral region between 2.5 and 12 um and
have studied intrinsic and extrinsic absorption pro-
cesses in alkali halides and alkaline earth fluorides.
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il. Experimental System

A. Experimental Background

Derivative optical spectroscopy as a powerful tech-
nique for enhancing weak structure immersed in a rel-
atively smooth background spectrum is well known.
Several different modulation schemes were introduced
in optical derivative spectroscopy.” In most cases, the
optical spectrum of the sample is modulated by an ex-
ternal ac perturbation such as electric field,8 pressure,?
temperature,!0 and light intensity!! on the sample. The
modulation spectrum so obtained depends intimately
on how the property of the sample is affected by the
external perturbation, and such knowledge is often
limited.

As opposed to other modulation schemes, wavelength
modulation aliows one to obtain a derivative spectrum
by modulating the wavelength of light incident upon a
sample without any external ac perturbation to the
sample. The main difficulty of the wavelength modu-
lation scheme is the elimination of the background de-
rivative spectra due to light source, detector, optics, and
atmospheric absorption. To normalize the background,
various servo systems have been employed,”12:13 but
these are difficult to employ with photoconductive de-
tectors with varying dark current. We developed a
wavelength modulation system which eliminates the
background problem numericaily.

Almost always the wavelength modulation technique
has been applied in the ultraviolet and visible spectral
regions.!1-14 We have extended the spectral range of
the wavelength modulation technique into the infrared;
for absorption measurements in the spectral region of
this study, 2-12 um, the system has a sensitivity of Al/]
~ 10-5, where Al is the fluctuation of signal in the de-
rivative channel.

B. Theory of Wavelength Moduiation
In a conventional transmission measurement, the
total signal S transmitted by the sample is

S(A) = T(No(N), 2

where T is the sample transmission, and /g is the
background signal, which consists of the incident light
source, optics, atmospheric absorption, and detector
response.

When the wavelength is swept sinusoidally across the
exit slit of the monochromator at a frequency 2, that
18,

A(t) = Ao+ AX cos(Q), )

where ), is a fixed wavelength around which the si-
nusoidal sweeping of the wavelength is performed, and
A is the amplitude of the sweep, the output of the
monochromator becomes a function of time, that is,

Sot) = Tho + AX cos ()] o[ Ao + A cos(1)]. 4)

Expansion of Eq. (4) in a Taylor series in powers of A\
cos({2t) and using the trigonometric identities and
collecting terms, we can show that, for small AX, re-
taining the terms up to linear in AA,

AR it it i S s e A e s e a e

S(Ag.t) = S9(Ng) + S*(Ag) coslidl), (5)

where
Sdc(Xo) = Tol Aol ol Ao), (6)
S*(Xo) = ANMT'lo+ Tl,). (7

Standard lock-in amplifiers measure the ac compo-
nent of the signal at the reference frequency. There-
fore, what is measured at the reference frequency of a
lock-in amplifier, which is Q in our case, is the ac com-
ponent of S(Ag, t) at 2. Here we note that Sa¢ contains
terms of the form T'lyand TI,, that is, a term which is
proportional to the first derivative of background as
shown in Eq. (7).

Ir: practice, the elimination of the derivative signal
of the background is a crucial problem in wavelength
modulation. This problem will be discussed in Sec.
II.C. Asexpected, the derivative signal is proportional
to the depth of modulation AX. The correction terms
can be minimized by using the smallest possible AN\. A
convenient test for the distortion of the first derivative
due to the correction terms is to measure the change in
the magnitude of the signal as a function of A\ if a linear
relationship is desired. For further discussion of the
theory, we refer the reader to the literature!? and ref-
erences therein.

C. General Considerations

In a transmission measurement, the signal I(A)
transmitted through the sample is given by

IO = Io(\) expf-K(\)d], (8)

where Io()) is the background signal which consists of
the incident light source, optics, atmospheric absorp-
tion, and detector response. K(A) and d are absorption
coefficients as a function of wavelength and sample
thickness, respectively.

The differentiation of Eq. (8) with respect to the
wavelength gives, after a little rearrangement of
terms,

dKO) _1[1dlgN) _ 1 dIN)]

-1 ' (9)
dr»  dile dx I\ da |
or, in terms of energy,
dK 1[ 1 E 1 df
dK 1] 1 dlolE) 1 dIE) o)

dE ~ d|I(E) dE IE) dE |

As indicated in the theory of wavelength modulation,
the measured quantity by a lock-in amplifier for the
derivative signal at the preset reference frequency is of
the form a(dI/dE), where a is a constant. But as shown
in Eq. (7), the derivative signal contains the derivative
of the background as well as the derivative of the
transmitted intensity. To eliminate the derivative of
the background, we use the sample-in and sample-out
technique, which is described in a later section.

With the sample-in setting, the derivative signal is,
from Eq. (7), for small AN

SY a AATlo+ Ty, (1
or
Sy  S¥

— = — Ax(z+l—:j a2
1 Tl T |1 -
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With the sample-out setting, the derivative signal of the
background is

SY a AN, 13)
or
SE_anle,
T A T (14)
The subscripts s and b of S* refer to the sample and
background, respectively.

The difference of S¥/I and S¥/Io will give the de-
rivative of the transmitted intensity solely by the sam-
ple in principle. But in practice we encounter some
difficulties; defocusing of the light beam at sample-in
setting by the sample, for example. This defocusing
effect by the sample, in conjunction with the nonuni-
formity of the active area of the photodetector surface,
obscures the zero crossing of the derivative signal.

We overcome this difficulty by a number method.
That is, with the measured quantities with sample-in
and sample-out settings, we form the expression

1 dIo(E) 1 dI(E)

WE)=ar By dE PTE) oF
where a and $ are multiplicative constants independent
of energy. Here we note that the first term in Eq. (15)
is solely due to the background, while the second term
is due to the sample in addition to the background.

To convert Eq. (15) into the form of Eq. (10), we write
Eq. (15) as

¢z .E)=a

(15)

1_dlo(E) B 1 dlE)
IoE) dE  a” I(E) dE

and determine the ratio of proportionality constants vy
= /B in such a way that ¢(z,E) and

(16)

o 1 dIg(E)
I{E) dE

are not correlated for vy = x. For this particular value
of v,

dK
¢(E) = ad iE an
This procedure is performed by a computer using a
decorrelation algorithm.!5 Consider quantities a,, b;,
and

¢ =a; + v (18)

Here, a; is a quantity due to sample alone, b; is a
quantity due to background alone, and c; is a quantity
due to sample and background together. If we relate
these quantities to our study, b; and ¢; are measured
quantities, that is, signal with sample-out setting and
signal with sample-in setting, respectively. And q; is
the quantity to be obtained by the decorrelation pro-
cedure. We set

d, mc;—th; =a + (y—1t)b, (19)

Now, we search for t, which minimizes the correlation
function

[ Z.0(d, = d)b, = B))2 |12
12,(d, - 312Z,b, - 5)3

[= (20)
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Block diagram of the infrared wavelength modulated
system.

Fig. 1.

wheny = ¢,d;, =a;, Here,d; = a; independentof 4, is
assumed. If desired, Eq. (17) can be integrated nu-
merically. In this study, the trapezoidal integration of
Eq. (17) was performed.

D. Implementation and Operation of the System

1. Construction

The block diagram of the system is shown in Fig. 1.
We have converted a Perkin-Elmer 301 spectropho-
tometer into a single beam system for improved SNR
by using a sample-in and sample-out scheme. The
sample-in and sample-out mechanism was accom-
plished with a linear translator assembly unit driven by
a stepping motor. The wave-number drive was also
performed by a stepping motor at preset intervals to
scan the spectral regions of interest. Both stepping
motors are driven by a dual-channel step motor drive
unit. The intervals of stepping of sample-in and sam-
ple-out stepping motor and the wave-number driving
motor as well as the data-collecting system as a whole
are controlled by an on-line microprocessor (Motorola
M6800 microprocessor) in a cycle for each set of data.

Sinusoidal sweeping of the light beam across the exit
slit of the monochromator was accomplished by a vi-
brating mirror at 11 Hz. We have chosen this low fre-
quency in spite of the 1/f noise in anticipation of the
need of a slow detector such as a thermocouple, bo-
lometer, or Golay cell, and most important to avoid the
subharmonics of the background chopper channel,
which is 39 Hz. The amplitude of modulation is ad-
justable through the output voltage of the scanner
driver and can result in a wide range of modulation for
AMX ~10~2 to investigate the broad structures of solids
in the infrared region of the spectrum.

As shown in the block diagram of the system in Fig.
1, two lock-in amplifiers are employed. Lock-in am-
plifier / measures the intensity of the chopped radiation
at 39 Hz with sample-in and sample-out settings at a
fixed wavelength. The loci -in amplifier /7, which is fed
with the 11-Hz reference frequency derived from the
vibrating mirror, measures the derivative signal with

R R S e I AT A e '\.'_"J'\. .- e
Ly RS =%y

YRR
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;& sample-in and sample-out settings. The sample-in and Lineor tromsitor Grating
o sample-out mechanism is a stepping motor coupled with assembly unit with with

o a translation stage. With appropriate combinations of slepping motor stepping motor
: gratings, filters, and light sources, the system can be [{ l']

x operated in the spectral region from ultraviolet to in- Stepping motor_driver

_ frared (~12 zm). The main light sources in this study [

w were a tungsten lamp in the visible and near infrared [ M6800 i

and a globar in the infrared. The detectors used were |
PbSnTe, PbS, and a silicon photodiode for appropriate

o

spectral regions. — Mulnplm‘ev (PAR261) H
B 2. Operation [ aoc (Par260) |
a With the sample-in settings, two data points were
ko taken; one from lock-in I, which is in the intensity of L Teletype |
L, radiation transmitted by the sample, and the other from 1
Y lock-in I, which is the derivative signal. The same set [ PP |
§.. of dat.::l is tat!‘enthwittl:a thkeg;s:m]:ile-o'l\’xt setting yielding the
4 equivalent for the bac und. Those two sets of data } .
are fed into a multiplexer and then digitized by an ADC. [ toctint  f—g—f ool |
- The digitized result can be either punched on paper tape
)-; by a teletype or fed into the on-line computer (PDP [ Detector Output |
}:-.\ 11/23) directly for numerical processing. By appro- Fig. 2. Block diagram of control system for data-taking cycle.
N priate combinations of these sets of data, we can form
o~ a logarithmic derivative of intensity as a function of (8) At the end of the waiting time, two similar data
" energy or direct transmission. A computer program  pgints are taken, except with the sample-in this time.
i was written to obtain the numerical values and graphs This completes one data-taking cycle at one wave-
¢ of derivative of the absorptlgn coefficient, Entegrated length. The interval of the linear translation of the
2 result, and direct transmission as a function of en- sample mount and the wavelength drive as well as the
Y ergy. . ) length of the waiting time can be adjusted by changing
] :, All these data-taking processes are done in a sequence  the appropriate program parameters fed to the micro-
- at one wavelength, and after a cycle the system moves  processor. The program of the microprocessor is taped
to the nexi wavelength. This data-collecting cycle,  op, a cassette tape and played by a cassette player at the
" which is controlled by a microprocessor (Motorola  peginning of the run of the system.
N M&6800), is operated in the following sequences. The
-, block diagram of the data-taking cycle isshown in Fig.  #l. Experimental Results and Discussions
» 2, which performs in the following cycle:
ot (1) The M6800 sends out pulses to the stepping A Treatment of Data
) motor driver which drives two stepping motors: one for Before a detailed discussion of the experimental re-
) the linear translator assembly unit and another one for  sults and the interpretation of the spectra of the indi-
e wavelength drive. vidual substances measured, we shall present the
-\.j,', (2) The stepping motor which is attached to the method of presentation of data and the mode of anal-
) : linear translator assembly unit takes the sample inor  ysis.
-~ out of the path of the light beam. In the intrinsic spectral regions, values of the ab-
N (3) While the sample mount is translating, the sorption coefficient were determined from transmission
p wavelength drive is stepped by the second stepping  measurements. In the extrinsic spectral regions, that
X motor. is, impurity dominating regions, the integrated deriv-
> (4) Then the system waits for a certain time before  ative data were normalized to the laser calorimetry
'_; taking the first set of data. In this study, we have  measurement at indicated discrete laser lines.'® This
s chosen the waiting time to be approximately three times  representation of the data allows us to display the fine
";-: the lock-in time constant. structure excursions in absorption above and below the
-'4': (5) At the end of the waiting time, two data points  calorimetric point. In a number of cases a second ca-
-~ are taken: one from the lock-in I, which is the intensity  lorimetric point was measured at the other end of the
of the background radiation, and one from lock-in II,  spectrum. It was found that the absorption coefficient
-'.:- which is the derivative signal of the background radia-  derived from this second measurement agreed with the
N tion. integrated value obtained from wavelength modulation
o (6) The microprocessor sends out reverse pulsesto  data.
Y the driver to step the stepping motor backward so the To discriminate the effect of atmospheric absorption
P linear translator assembly unit will bring the sample  on a sample, we ran each sample in two different am-
mount to the sample-in position. This brings the  bient conditions, one in atmospheric ambient, the other
' sample in the path of the light beam. in dry nitrogen ambient. The latter was accomplished
:: (7) Waiting time starts. by flushing the whole system by dry nitrogen gas flowing
L
33 15 April 1984 / Vol. 23, No. 8 / APPLIED OPTICS 1169
gl

AL IRy

n
" AN AR n‘ﬁ ',

.~'~- BT

g L {; S X -
A \ " L P TR
PR RN AR

;/":_"

W W

'

-
-



e
»
)
Spagh WAVELENGTH, sm Table |. Origins of Sampies Used in This Study
! 12110 817 & $ 4 3 28
.:::" T T Y Y KBr Naval Research Laboratory
4 Oregon State University
"'\\ o @ KCI Hughes Research Laboratories
b $.. << \ BaF, Harshaw
MgF: Optovac
~ "0 0N / S\ SrF; Hughes Research Laboratories
shhsiLe ) aogonseo CaF, Harshaw
Y \{ unounts NaF Optovac .
<, @ LaF; Hughes Research Laboratories
e NaCl Hughes Research Laboratories
‘ i"‘. P LiF - Meller
; .':_': ADSORSED, MgO Optovac
N e *20
Y TS WO IS S N SR WU SR N B | WAVELENGTH, um
. v 1000 Y60 2200 200 3400 4000 25 3 a s 6§ 7 8 910 11 12 15 2040
; \..:' WAVENUMBER, om™! - oo
! :"‘- Fig. 3. Correlation chart of carbonates, C—H, O—H, and water ] SAMPLE KB
N \.;' frequency. é 02
W 004
N into the system throughout the entire run. When the 298
sample was placed in a dry N, atmosphere, a continuous 15
e change in the spectral distribution of the absorption was 00
S observed until the spectra stabilized after the sample w BACKGROUND
:::- had been in this gaseous ambient for an hour. 2.2
s Correlation-type charts have been published that &
4 N h . . o 04
i represent a tabulation of molecular-ion vibrational 2 oe
’ frequencies as means of identifying possible surface and < 19

4000 3500 3000 2500 2000 1600 1200 300
FREQUENCY, Cm~!

J volume impurities in alkali-halide laser window mate- «00 200

= rials.!’” If one considers a frequency overlay of possible
o impurities that can be present in concentration of 0.1  Fig. 4. Absorption spectrum of a typical KBr sample obtained by
o0 ppm, one finds that a quasi-continuous absorption a conventional double-beam instrument.
- would be expected throughout the 2.6-12-um region due
D to the overlap of the Lorentzian tails of the variousab- 2 X 107 and 8 X 10~!8 cm™1, respectively.!® The actual
s sorption bands. It has been felt that a heterogeneous  measurements at best show 4.2 X 10~4 cm™! at 10.6 um
re distribution of a conglomeration of chemical composi- and 2.1 X 1074 cm™! at 5.3 um, respectively.! There-
X 'j- tions which can be deposited on the surface from the  fore, in these spectral regions, the absorptions are
a5 environment would produce a uniform absorption  mainly due to extrinsic origins.
X Q'-(‘ throughout the infrared spectral regions.!? However, In Fig. 5 we show a typical result of our study of KBr
N the distinct absorption bands observed in this study in two different ambients. In general, for the spectral
b N indicate the possibility of specifically identifying region from 2.5 um to 12 um, the samples in this study
i dominant absorption centers. Figure 3showsacorre- show a structure around 2.5 um, multiple structures
e lation chart of carbonates, C—H, O—H, and water  between 3 and 4.0 um, a sharp peak at 4.2 um, a band
s frequencies which prove to be the common bulk and  centered at 4.8 um, multiple structures between 6 and
~ surface impurities encountered in this study. 8 um, a valley near 9 um, and a peak at 10.6 um at the
o ) ) levels of absorption coefficient of ~10=5 ¢cm~!. Since
" B. Discussions the relative magnitudes of these structures differ in
"o In Table I we show the origins of the samples used in  ditferent samples, the indications are that these bands
t 9 this study. have extrinsic origins. Although the spectra differ in
f o ) ) detail, the clustering of the spectral lines in similar
. 1. Potassium Bromide spectral regimes indicate common origins of the spectra.
O] Several different reactive atmosphere process (RAP) The magnitudes and linewidths of some of the bands
, t:-; grown samples from various sources have been studied.  vary when the samples are in a dry N, atmosphere
A The dimensions of the samples varied, thatis,25¢cmin  compared with a laboratory ambient, indicating that a
'

diameter and 1-7 cm in length. The absorption spec-
trum of a typical KBr sample obtained with a conven-
tional double-beam spectrometer is shown in Fig. 4.
Virtually no absorption structure is present in the ex-
trinsic spectral region above the noise ievel of the in-
strument, confirming the relative purity of the sample.
Calculated values of absorption coefficients from the
exponential behavior of the multiphonon processes from
Eq. (1) at 10.6- and 5.3-um wavelength regions predict
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portion of the absorption is due to surface physical ad-
sorption. The structures that persist even when the
samples are flushed in dry Ny may be due to surface
chemisorbed species or volume impurities. The surface
character of some of these bands was confirmed by
performing similar measurements on 1-mm thick
samples. Absorption coefficients of the order of 10-°
cm~! were observed on thick and thin samples with
slight differences in the spectral distribution. Due to




" WAVELENGTH, um magnitude and linewidth of this peak vary from sample
)" 1209876 5 4 3 25 to sample. In addition, placing a sample in N, gas at-
e A s “ mosphere results in spectral changes that indicate that
B part of this band may be due to surface adsorption.
O KBr 2. &  However, there is a shoulder in this line near 3700 cm~"

N @LAB ATM 10 o = that persists in dry N, ambient and can be associated

. g NORMALIZED TO: B o g with adsorbed H70.

.:.:‘ (o) (S&‘R‘ m:;:e)““‘ e _The region between 3 and 4.0 um shows a superpo-
e 6 OF sition of structures that could be attributed to various
o5 « % 2 C—H bonds. The origin of these groups can result from
tn ] surface contaminants due to alcohol that is used to
K 2 i disperse the grinding compounds used in the surface
‘ 0 polishing of the crystals. However, some of these bands
R L/\_\/\ -2 may be due to volume absorption since some of the
' spectra scale with sample thickness. Volume absorp-

-~ 4 -4 tion due to C—H bonds can be due to carbonaceous

" T fractions, which can result from organic materials such
e 6 as water-soluble alcohols that decompose on melting

‘ {db) 4 z and are incorporated in the crystals.

. 2 = A unique example of physical adsorption taking place
At w, = on a surface of KBr is seen at 4.2 um. This strong
;’ o o < § narrow band with varying intensity is observed at 2358

" KBr 2 = cm~! on all samples of KBr. This is close to the gas-
" o ORY Mg ATM: "_é phase value of 2349 cm™! for the CO, vibration. Since
P NORMALIZED TO 4 =z this band is easily suppressed by flushing with dry N,
p K:04x107%CM™aT 38um -6 e gas, it is readily identified as due to a physically ad-
~ (LASER CALORIMETRY) ] . & sorbed species. When the sample is returned to at-
: mospheric ambient, this band returns. It was observed
S -10 that the CO; adsorption varies from sample to sample
::*- NS SRS GNP SRV BrE SR W FS T for the laboratory ambient. It is not unreasonable to
v 700 1300 1900 2500 3100 3700 4300 expect physical adsorption to depend on surface vari-
" WAVENUMBER, CM ations or impurities in the substrate.
Fig. 5. Wavelength modulation absorption spectra of KBr; X is the The band at 4.8 um is most likely due to surface-
- abeorption coefficient in cm~1: (a) in the laboratory atmosphere; (b)  adsorbed liquid water as the adsorption in this region
e in a dry N3 atmosphere. is markedly reduced in a dry N; ambient; some of the
T additional structure in the 2.7-um region can be due to
" the complex superposition of the bands, it was difficult  the vibrational structure of water as it is also reduced
- to distinguish unambiguously which bands would scale by dry N; flushing.
i with a thickness that would identify volume absorption. The bands between 5.5 and 8.0 um are the most per-
The 4.2-um band was observed with the same intensity  sistent of all structures seen in all the KBr samples.
o for all thicknesses, confirming a surface origin. The Measurements on thin samples still reveal these struc-
8 ’;: continuous variation of the spectral features with the  tures, which lends evidence that these are due to surface
L™, thickness of sample that remains at ~10~3-cm=!levels  chemical adsorption. The position of these bands is
‘o indicates that, at this level of absorption, we have &  consistent with the vibrational frequencies of various
- combination of volume and surface absorption or there  gurface carbonate complexes.?!
25 is an inhomogeneous distribution of volume impuri- It is interesting to note that the data reveal a peak in
oW ties. absorption at 10.6 um and a valley around 9 um. Itis
. The region between 2 and 4 um reveals several possible to identify the 10.6-um peak as due to the C—C
% structures, while previous measurements by laser cal-  vibration. It is our interpretation that the laser calo-
% orimetry have indicated a peak near 2.7 um which has  rimetry data indicate a possible minimum in absorption
-2 usually been associated with the stretching frequency  near the CO; laser line at 9.27 um.?> The wavelength
Y of the isolated OH~ radicals.’® However, the laser  modulation data definitely establish this valley.
" calorimetry measurements are performed with a mul- The absorption between 5.5 and 8.0 um seems to be
oA tiline laser at a few discrete wavelengths and so canonly  due to surface carbonates. However, the absence of
i infer a broad band with the great possibility of missing  absorption at 1070 cm ~! signals that the species are in
- peaks or valleys. the form of carboxylates. Therefore, we can infer the
In this study, a prominent peak is observed at 3850  presence of chemisorbed carbonates not only by the
e cm~!, which is shifted from the peak that is observed  presence of absorption in the 5.5-8.0-um region but also
- at 3610 cm™~! in deliberately doped KBr.20 It is not by the absence of absorption at 9.27 um. The 10.6-um
— clear that such a large shift could occur due to different  (960-cm™!) region corresponds to the 7-8-phonon region
o N crystallographic locations of OH- in the lattice. The for KBr; the intrinsic multiphonon absorption of KBr
¥l
;;, 15 April 1984 / Vol. 23, No. 8 / APPLIED OPTICS 1171
J S

Jd

LA

.
r

=,

Ay
2o

N N
AR RO,

T O

0




wr T T vy — - hie e Ladhe S dbhe “duba il B ]

WAVELENGTH, um

12087 6 & 4 28
Q3 MYTTT T T 7T T T T
— 12
T 02| w0 z
s‘ —~ 8
X Q1 <
1¢%2
o 14 :g
. A
8eF, Jd o 5§
LAB ATM -2 =|._‘u
ONORMALIZED TO: ] >
{(a) Kaein 104 em~?t —-4 3
AT 2.8 ym {_, z
(LASER CALORIMETRY)
L -1-8
n;q:- T
- 8aF,
'5 02 - DRY N, ATM
A ®NORMALIZED TO:
* o1 Ke91x104cm~T AT 28 um
(LASER CALORIMETRY) z
ol o
e %
712%3
-~ o—lg
(b) {27z
-
—- E.g
a
L1 Al BN SRS NS SN SR NN s E
1000 1600 2200 2800 3400 4000 3

WAVENUMBER, cm™!
Fig.6. Wavelength modulation absorption spectrs of BaF,; K is the
absorption coefficient in cm~%: (a) in the laboratory atmosphere; (b)
in a dry N; atmosphere.

at 10.6 um is expected to be 2 X 10~7 cm~1, but our re-
sults show that, even at this region, the main mecha-
nisms of absorption are dominated by impurities, that
is, K ~ 10~4 cm™!, therefore, masking intrinsic multi-
phonon contribution to the absorption.

2. Barium Fluoride

By similar analysis with KBr, we can readily identify
several main features of BaF; in Fig. 6(a). A prominent
band at 4.2 um can be associated with the physisorption
of atmospheric CO2. The bands in the 4-6-um region
can be due to atmospheric water, while the bands in the
3—4-um region can be assigned to an overlap of hydro-
carbon bands. Internal reflection spectrum of an eth-
ylene-glycol-polished BaF; plate and a water-polished
BaF, plate showed the absorption structure at 2915
cm~! (343 um), and it was attributed to C—H
stretching absorption from residual organic material
used in cutting or preparing the plates.!® The bands
in the 6-8-um region are associated with carbonates.
The fact that the bands in the 3-4-um and 4-6-um re-
gions are largely due to physisorbed species is confirmed
by the decrease in absorption in the dry N, atmosphere
data shown in Fig. 6(b).

The region between 6 and 8 um in BaF; shows con-
siderable structures whose magnitudes vary only
slightly with dry N, flushings. These structures can be
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Fig. 7. Wavelength modulation abeorption spectra of CaF; K is the
abeorption coefficient in cm~1: (a) in the laboratory atmosphere; (b)
in a dry N2 atmosphere.

associated with the chemisorbed carbonates. The small
structure at 5.6 um can be associated with chemisorbed
carbonyl. Photoacoustic measurements on BaF; and
SrF; using a CO laser that was tunable to discrete lines
in the 6-8-um region have revealed a steplike structure
in the surface adsorption,? while our resuits show dis-
tinct bands. A structure around 1100 cm~! can be due
to surface contaminations of secondary or tertiary al-
cohol which is commonly used as a surface polishing
chemical agent, isopropyl alcohol, for example.

The relationship between physisorbed CO; at 4.2 um
and the formation of the carbonates CO32 on BaF; can
be seen if we compare the data on BaF in two different
ambients. Namely, higher adsorption of CO; at 4.2 um
gives rise to the formation of more carbonates CO3?
around 6.5 um.

3. Calcium Fluoride

The CaF; data in the laboratory ambient are shown
in Fig. 7(a). Here we can see the similar distribution
of bands as exhibited by BaF,: adsorbed CO, at 4.2 um,
overlap of various hydrocarbons in the 3-4-um region,
liquid water around 4.8 um, carbonyls around 5.6 um,
and carbonates in the 6-7.5-um region. Comparison
of Figs. 7(a) and (b) reveals several features. The fact
that the CO, band is suppressed in dry N, atmosphere
confirms the nature of physisorbed CO; on the surface.
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. Fig.9. Wavelength modulation absorption spectra of NaCl; K is the
.r;., Carbonyl around 5.6 um appears to be chemisorbed  absorption coefficient in cm=1: (a) in the laboratory atmosphere; (b)
R species. We note here that a band at 6.5 um in Fig. 7(a) in a dry N; atmosphere.
y disappears in (b) completely. This band must be due
!:o to physisorbed carbonates. The relationship of phys-  that the disappearance of carbonate at 6.5 um can be
)' isorbed CO, and carbonates in two different ambients  attributed to the suppression of physisorbed CO2. A
> ‘ clearly indicates the active participation of adsorbed  small structure at the tail of the intrinsic region is due
}.-'\' CO; in the formation of physisorbed carbonates. This  to the chemisorbed species on the surface from the
A is particularly clear in CaFy, even though we can see this  surface polishing chemicals.
) relationship in most of the samples studied. A struc- : .
s ture around 8 um is again due to the surface contami- - Sodium Chloride
) nation. From Fig. 7(a) and (b) we can conclude that The NaCl data in both the laboratory and dry N,
P these are chemisorbed species. They can be surface-  atmosphere, Figs. 9(a) and (b), respectively, show
kY polishing chemical agents such as secondary and terti-  prominent structures. Although the spectral distri-
M ary alcohol. bution is different in detail in two different ambients,
703 : . . we still can identify the structures: 10-11-um
;, 4. Strontium Fluoride (>C=CH; alcohols), 6-8-um (carbonates), 5.6-um
1V The SrF; sample used was from a press-forged RAP (carbonyl), 4.8-um (liquid water), the 4.2-um (CO.),
[ boule. In Fig. 8(a) we show data of SrF; in the labora- 4-um (C—H), and 2.8-um (OH~) bands. The promi-
N tory atmosphere, where we can see all the main features  nence of the bands in both ambients is consistent with
E:‘.'_": of BaF; and CaF,: hydrocarbon in the 3-4-um region,  the greater surface activities which are expected fer
‘:_\.' CO; at 4.2 um, liquid water around the 4.5-um region,  NaCl as compared to the other substances in this study.
15 carbonyls around 5.6 um, and various carbonatesinthe ~ Comparison of Figs. 9(a) and (b) reveals the difference
.::. 6-7.5-um region. In Fig. 8(a) we note the emergence  between chemisorbed species and physisorbed
- of a structure around 2.8 um. This canbeduetoOH~  species.

in bulk. Judging from the dry N, gas atmosphere data A vibrational frequency of CO, adsorbed on NaCl
in Fig. 8(b), C—H bonds in the 3-4 um region must be  shifts only slightly (4-5 cm~!) with respect to the
due to chemisorbed species. In Fig. 8(b) we againsee  gas-phase frequency. The molecule is only weakly
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Fig. 10. Wavelength modulation absorption spectra of MgO; K is
the absorption coefficient in cm~!: (a) in the laboratory atmosphere;
(b) in a dry N2 atmosphere.

perturbed by the surface field, and the energy of inter-

action with the adsorbent is not high. The ease of re-

moval of CO4 on evacuation was observed.2 It is in-

tersting to note that the intensity of absorption due to

ShOz can be reduced by flushing alone as this study
OWS.

6. Magnesium Ozxide

The data for MgO are shown in Fig. 10. The most
prominent features seen in the laboratory ambient are
a doublet in the 2.8-3.0-um region (water and OH™),
some trace of a possible CO; at 4.2 um, a structure in the
4-6-um region (liquid water), and very slight structure
in the 3-4-um region (hydrocarbon). It is interesting
to note that, of the doublet in the laboratory ambient,
it is only the 3.0-um band which survives dry N, flush-
ings with a noticeable suppression of the 2.8-um band.
In a previous study® of MgO, impurity bands were ob-
served between 3.8 and 2.7 um. Our study clearly shows
that the 3.0-um band is due to bulk or chemisorbed
OH-, while the 2.8-um band is due to physisorbed
OH-.

1174 APPLEED OPTICS / Vol. 23. No. 8 / 15 April 1984

WAVELENGTH, ym

12087 6 5 ‘. 3 25
WO T T T T T T
—
os I NoF
o8 | LAB ATM
] - SONORMALIZED TO:
x 04 o K=28x10"3 cm~' AT 2.8 um
02 (LASER CALORIMETAY)
o r -J 2 %
-
1883
- =
s J- 2
3, SE
(a) J° %2
| ELE
L -
-1 2
; B
1.
o T
os - NeF
T os DRY Ng ATM
= ONORMALIZED TO:
< 04 | Ke29x 103 cm=1 AT 2.8 um
o2 | {LASER CALORIMETRY)
b 4
-] i g
44 S
(b) 4 %
- } E
: -8 50
] e
Lty 1t 403y Jdo12 92
1000 1600 2200 2800 3400 4000 ;

WAVENUMBER, cm™!

Fig. 11. Wavelength modulation absorption spectra of NaF: K is the

absorption coefficient in cm~!: (a) in the laboratory atmosphere; (b)
in a dry N, atmosphere.

The region of intrinsic absorption in MgO shows some
fluted structures in the multiphonon absorption tail.
The rise ~1600 cm™1 agrees with the shoulder previ-
ously studied in the multiphonon spectra of MgO and
was attributed to a four TO phonon process by suitably
averaging over the dispersion curves.?

7. Sodium Fluoride

Comparison of the NaF data in Fig. 11 shows a large
decrease of the band heights in the 2.5-4.0-um region,
but the familiar patterns shown in BaF,, StF,, and CaF,
are still apparent. The relationship between the ad-
sorbed CO, and surface carbonates at 6.5 um is clear.
In both Figs. 11(a) and (b) we can observe a little break
~1100 cm~!; this corresponds to the regime of three
phonon spectrum.?6 But it can as well be due to surface
contamination of chemisorbed species of soime alcohol
which is often used as surface polishing reagents—ter-
tiary alcohol, for example.

8. Magnesium Fluoride

The MgF; laboratory atmosphere data shown in Fig.
12 reveal a cluster of bands similar to those observed in
BaF;. Again the ubiquitous CO; at 4.2 um is evident.
The 2.8-um and 4-6-um regions reveal the liquid water
and OH- bands, while the 3—4-um region reveals the
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possible overlay of C—H bands. The 6-9-um bands
seen in BaF; seem to be absent or are obscured by the
strong water band in the 4-6-um region. The MgF,
data in dry N, atmosphere in Fig. 12(b) show a dramatic
suppression of all the above bands. The remaining
structure can be due to volume or chemisorbed species:
the rise in the neighborhood of 2.8 and 4.8 um can be
due to OH- and liquid water, respectively.

9. Lanthanum Fluoride

The LaF3 data in the laboratory atmosphere shown
in Fig. 13(a) reveal the CO; band at 4.2 um, the possible
carbonates in the 6-8-um region and OH- band near 2.8
um. However, it should be noted that the bands in the
3—4-um region due to C—H vibrations which have been
prominent in BaF,, SrF;, MgF;, CaF,, and NaF seem
to be absent or greatly suppressed. In the dry Ny at-
mosphere data shown in Fig. 13(b), the peak near 2.8 um
possibly due to OH - is about the same height as shown
in Fig. 13(a). The structure around 1200 cm~! is due
to chemisorbed surface contamination, tertiary alcohol,
for example.
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10. Lithium Fluoride

The LiF data in Fig. 14 show little structure indi-
cating that LiF is the least surface active of all the
substances studied. The absence of the 4.2-um band,
which was visible in all the substances studied, should
be noted. The only band which seems to be noticeable
is the 4.5-um band in both ambients, and this can be due
to water.

11. Potassium Chloride

If we examine the data of KCl shown in Fig. 15 in the
light of the discussion of the identification of the bands
seen in other alkali-halides (KBr, for example), similar
features can be discerned. It is interesting to note that
the adsorbed CO; band is markedly suppressed in KCl
relative to KBr. The band around 1400 cm™! can be
due to the chemisorbed species of surface carbonates.
The band around 1900 cm~1 can be due to some type of
carbonyl.

V. Summary

The infrared wavelength modulated spectrometer
system that we have developed has the capabilities of
detecting a change in absorption of a part in 10° out of
a relatively smooth background in the spectral region
from 2.5 to 12 um. This sensitivity can be realized from
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the visible to the further infrared using appropriate
detectors. For the first time the continuous spectral
distribution of extrinsic absorption at levels of 10~5
cm~! were measured on KCl, KBr, CaF,, LiF, NaCl,
NaF, LaF;, BaF;, MgF;, SrF», and MgO enabling an
identification of physisorption, volume, and surface
chemisorption of impurities. The use of the infrared
wavelength modulated spectroscopy of this work can
be of great utility in monitoring crystal growth and
surface preparation for optical materials for high-power
laser and lightguiding systems requiring extremely low
absorption levels. The system is capable of detecting
a hundredth of a monolayer of surface species on a single
crystal surface and so can play a role in catalysis
studies.

This work was supported in part by the U.S. Army
Research Office DAAG-29-K-0164, the Air Force Office
of Scientific Research 78-3665, and the California-
MICRO Program.
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This paper reviews the status of point defect studies in HgCdTe and presents new data on the
characterization of impurities in CdTe, on shallow and deep acceptors in arsenic-doped HgCdTe,
and on the ability of electron paramagnetic resonance (EPR) to detect defects in HgCdTe. Point
defects are important in controlling carrier concentrations, minority-carrier lifetimes, and noise
in HgCdTe. Shallow impurities from dopants are fairly well understood and their effects follow
what is expected from the periodic table. Intrinsic defects such as the mercury vacancy, which is
believed to act as a shallow acceptor, are less well understood and suffer from a lack of
with concentrations proportional to the shallow acceptor concentrations. These centers often
coatrol lifetime and noise. Many of these have been electrically characterized, but not identified.
Theoretical work by several groups to calculate defect levels has begun. At present, the errors in
this work are larger than the HgCdTe band gaps, but the calculated trends are important.
o Experimental data on identified deep levels are needed both for guiding material improvement
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and for improving the theoretical modeling.

L INTRODUCTION

The point defect studies considered in this paper are vacan-
cies, interstitials, impurity atoms, and complexes. The ef-
fects of extended defects such as dislocations, grain boundar-
ies, precipitates, and voids are not covered. In the simplest
terms, the defects that introduce shallow levels in the
HgCdTe band gap are important in controlling the free car-
rier type and concentration, while the defects with deep elec-
mlevehmthcppmeonu'olmmomy-amahfeuma
and noise.

The first section of this paper reviews the status of shallow
defect doping and characterization, and the second section
deals with deep level defect studies. This section also reviews
some of the theoretical work on point defects in HgCdTe and
makes some suggestions for future research.

I SHALLOW LEVEL DEFECTS

Shallow level defects bave been introduced into
Hg, _.Cd, Te both by annealing to adjust the mercury va-
cancy concentration, and by impurity doping. This section

the real acceptors. The data for CdTe and HgCdTe at pres-
ent is mixed and incomplete. These data are reviewed here.
The enthalpy needed to produce a mercury vacancy in
x = 0.2 material is 2.2 ¢V compared with 4.7 ¢V estimated
for producing the cadmium vacancy.'? Because of the low
formation energy for the mercury vacancy this species domi-
nates the annealing effects. Heating to higher temperatures
with low Hg overpressures tends to produce vacancies, and
heating to low or moderate temperatures in high mercury
overpressures tends to fill the vacancies. The defect kinetics
for this have been modeled by Vydyanath' and data and
predicted curves are shown in Fig. 1 for x = 0.2 matenial.
The basic reactions are assumed to be

Hgj =V iy, + 24"+ Hglg),
and
HgigleHg +2¢', (2)

where x, ’, and « refer to neutral, negative, and positive ele-
ments, respectively, and the subscripts give the site. Each
reaction corresponds to a mass action equation for the con-

n

:. reviews the intrinsic defect reactions which give a basis for  centrations of the reactants, giving
. modeling the annealing behavior. It also reviews what is Ky = [Vig][h 1Py (3)
. known about residual impurities and dopants i -
A Hg,_.Cd,Te
\ Kye, = [Hg ) [€')2/Py, . (4)
I A. Undoped HgCdTe The model includes assumptions that at the annealing
W The carrier concentration in annealed, undoped HgCdTe  temperatures the negative ion contribution is dominated by
” is usually assumed to be due to mercury-vacancy acceptors. mercury vacancies, and that tellurium interstitials, impun-
) In many compound semiconductors, however, impurities ties, and complexes can be neglected. As shown in Fig. 1, for
e that move into the metal ion vacancy have been found tobe  high hole concentrations above 10'® cm ™2, the theory can be
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fit well to the data. Similar data for x = 0.4 material is able to
explain the shift from [V, ] ~ Py, ~' shown in Eq. (3) to
[V g ] ~Pu, "' as being due to the change in the hole
concentration at the annealing temperatures from intrinsic
to vacancy-acceptor dominated.’

Comparison of undoped- with copper-doped material
suggests that the mercury-vacancy acceptor in undoped ma-
tenal is a double acceptor. This shows up in the decreased
mobility due to doubly charged ionic scattering in undoped
material and in the defect introduction rates.’

Raman spectroscopy data obtained by Pollak er a/.* have
identified a defect mode with spberical symmetry, called the
clustering mode, at 136 cm ™~ ' in x = 0.2 HgCdTe that would
fit the vacancy symmetry and not that of a substitutional
jon.* Rhiger and Cornilsen have found that this center is
more intense in annealed HgCdTe with higher acceptor con-
centrations and presumably higher vacancy concentra-
tions *

The annealing data of Vydyanath and the Raman data
suggest that the mercury vacancy is present in HgCdTe and
that impurities moving into the vacancy at room tempera-
ture do not dominate for material with high mercury va-
cancy concentrations, i.e., above 10'® cm 2.

While the mercury vacancy model seems to fit the data for
HgCdTe, the metal vacancy is not seen as the dominant ac-
ceptor in ZnS, ZnSe, and possibly CdTe. The vacancy is pro-
duced by the usual annealing or growth techniques, but re-
sidual impurities such as copper, silver, lithium, or sodium
move into the vacancy producing single-level shaliow accep-
tors.* Because of the ability of some defects to diffuse at room
temperature the simple intrinsic defects are lost to substitu-
tional impurities or complex formation.

In CdTe the evidence for impurity domination of the ac-
ceptor concentrations are based on luminescence data. Lu-
munescence data for CdTe at low temperatures is shown in
Fig. 2. From left to right (from high 10 low energies) free
exciton (FE) luminescence is seen, excitons bound to shallow
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F1G. 2. Luminescence from CdTe at 1.6 K showng the recombinauon
bands for the free exciton, exciton bound 10 shallow neutral donors, snd
excitons bound to neutral acceptors. The idenufications are due 1o Molva er
alt

donors, then excitons bound to a series of shallow acceptors;
off the figure at longer wavelengths ( — 8250 to 8900 A do
nor-acceptor pair luminescence is also seen. Molva ef a/ ™ *°
have done furnace diffusion impurity doping and have iden-
tified the major acceptor bands seen in CdTe with copper,
lithium, sodium, and silver; these are labeled in the figure
Energies identified for the shallow acceptors in CdTe are
E, + 0.147 eV for copper, E, + 0.059 eV for sodium, E,
+ 0.058 eV for lithium, E, + 0.263 ¢V for gold, E, + 0.107
eV forsilver, E, + 0.056 eV for nitrogen, E, + 0.068 ¢V for
phosphorus, and E, + 0.092 eV for arsemc.'® Figure 3
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acceptors




-

3 Jones ot al : Status of point defects

shows conductivity versus temperature data for a sample of
CdTe."’ The major shallow acceptors seen have energies of
0.11 and 0.06 eV, corresponding to the silver and alkali levels
identified in the luminescence. Braunstein er al.'' have
shown the same levels in CdTe by photoinduced transient
currents, a photoexcited DLTS technique that works in
high-resistivity matenals. These data are shown in Fig. 4.

It is very important to verify the identifications of the lu-
minescence bands or the defect energy levels in CdTe. Mag-
netic field studies have shown that these bands are due to
substitutional 7, symmetry centers, not vacancies.'? Using
the identified shallow acceptors, several techniques includ-
ing luminescence, Hall effect, resistivity, photoinduced cur-
rents, and optical absorption can be used to characterize the
acceptor levels, which may be due to copper, silver, sodium,
or lithium in CdTe. Dean’? has argued that bound exciton
luminescence from the neutral vacancy may not be possible.
The vacancy may be present and have an energy level similar
to one of the other acceptors, and just not be seen in lumines-
cence. The available data, however, suggest that the shallow
acceptors in “undoped™ CdTe are probably due to impun-
ties, possibly copper, silver, and alkalies.

Low-temperature luminescence was reported for
HgCdTe by Hunter and McGill,'* but the bands were very
broad, and it was not possible to resolve individual bound
exciton bands for different acceptors. This makes lumines-
cence impurity characterization and identification using a
magnetic field'? and stress perturbation studies (as was done
in CdTe) very difficult in the HgCdTe alloys. Techniques to
distinguish the various electrically active impunities in
HgCdTe need to be further developed.

For lower carrier concentration levels, less than 10'¢
cm ™ ? copper, silver, and the alkalies may be important in
controlling carrier type and concentration in “undoped”
HgCdTe also. This has been described in several papers,'*"’
and the effect of lithium build-up in ion-implantation re-
gions was reported by Bubulac er a/.'* In n-type undoped
HgCdTe the camer concentration is set by the residual do-
por impurities and not by the intrinsic defects, such as the
mercury interstitial. Yoshikawa er a/.'® have suggested that
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duced tranment currents. agan showing the same unpunty energy level as
seen 13 conductivity and lumnescence
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an oxygen-related defect is one of the important residual
donors. By decreasing the oxygen content of LPE HgCdTe
the residual donor concentration could be reduced to the
mid-10"* cm ™~ level.

8. Doped HgCdTe

Shallow impurity doping in HgCdTe?*?? has been report-
ed by several groups. The group I and group 111 elements
tend to substitute for mercury and act as single acceptors and
donors, respectively. The group V and V1I elements act simi-
larly on the tellurium sites. Silicon and germanium, which
could go either way, seem to favor producing donors on the
mercury sites. These trends are shown in a simplified period-
ic table in Fig. 5. No activity bas yet been identified with
carbon. One old rule of thumb that has fallen by the wayside
is that all group I and group I1I eiements are fast diffusers.
Boron and indium implants have shown slow diffusion
fronts after annealing, and indium-doped epitaxial layers
have shown minimal interdiffusion after annealing. Indium,
when evaporated as a metal on the surface of HgCdTe, seems
to react with the matenal, possibly producing vacancies that
cause the anomalously high indium diffusion for these con-
ditions. No electnical activity has been observed for group I1
element zinc, at concentrations up to 10'* em =2,

Vydyanath er al., have studied copper, indium, phos-
phorus, and iodine doping in HgCdTe and have modeled the
solid-state defect reactions expected.’?>** Electrically ac-
tive indium is measurably lower than the total indium con-
centration and formation of the In,Te, compound is suggest-
ed. The modeling also suggests donor-acceptor pairs in
iodine- and phosphorus-doped material involving
(xTc VH‘ )_» (PH| Pn )O. (PH. VH. )—v and (PH;VH.)" Whm lTe
is iodine on a tellurium site, and Py, is phosphorus on a
mercury site.

C. Discussion

Mercury vacancy introduction explains the acceptor in-
troduced by annealing in HgCdTe, but for low carner con-
centrations such impurities as copper, silver, alkalies, and
oxygen may be important. CdTe may be impurity-dominat-
ed even after annealing to produce vacancies. Doping fol-
lows the trends expected from the peniodic table. Impunty
characterization techniques for measurement of electncally
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active copper, silver, alkali, and donor concentrations need
to be verified for CdTe, and are not at all well-developed for
HgCdTe. Several areas for further work include the follow-
ing: determining if the Cd vacancy exists at room tempera-
ture in CdTe, characterizing the energy levels, sites and con-
centrations for interstitial atoms {which at present are
completely unknown) varifying with impurity characteriza-
tion techniques the assumed solid-state defect reactions, and
determining the importance of defect complexes.

§il. DEEP-LEVEL IMPURITIES

Figure 6 shows the 77 K minority-carrier lifetime in un-
doped and arsenic-doped Hg,, , Cd, ; Te as a function of the
total acceptor concentration. Similar data for undoped
HgCdTe have been reported by Tobin?® and Pollak eral.?’ In
both cases shown in Fig. 6, the minority-carrier lifetime is
inversely proportional to the acceptor concentration. The
minority-carrier lifetime for the arsenic-doped material is
three to ten times longer than that in equivalent undoped
matenal. At low temperatures the expression for minority-
camier lifetime, due to recombination through deep traps,
has the simple form

T= (auu (V- )NT)-' » (5)
where o = minority-carrier capture cross section at the deep
defect, (v,,) = minority-carrier average thermal velocity,
and N, = trap concentration.

The data in Fig. 6 suggest that there is a deep recombina-
tion center with a concentration N directly proportional to
the shallow acceptor concentration. The deep center and the
shallow acceptor do not have to be the same defect. The
proportionality holds for any defect or complex involving
the shallow acceptor due to mass action, as follows:

(shallow acceptor) + (another defect) 15 (complex),
[complex] = k [acceptor] [defect] , (6)

X = UNDOPED p-TYPE MATERIAL
®= As DOPED p-TYPE MATERIAL
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where the brackets denote concentrations and X is the mass
action proportionality constant. Equation 6 shows that the
concentration of a complex involving the shallow acceptor
will be proportional to the acceptor concentration.

In earlier work, Jones ef a/.*2? have presented DLTS data
characterizing the traps in undoped, copper-doped, and
gold-doped HgCdTe. The DLTS technique is able to identify
the trap energies, capture cross sections, and concentrations.
These are the parameters needed to calculate the effect of a
trap on the minority-carner lifetime and noise.

For undoped HgCdTe, two traps are commonly observed
atE, +04E,,, and E, + 0.7E,,;, as well as the shallow
acceptor level at E, + 0.015 eV, believed to be due to the
mercury vacancy. The deep levels may be related to different
charge states of the same defect, since increasing the electron
flux during trap filling causes the one electron trap peak to
decrease as the second increases. The concentrations of these
defects have ranged from approximately equal to the shallow
acceptor concentrations, to 1/100 of this value. This is an-
other point suggesting the deep defect is a related defect, not
another charge state of the shallow acceptor. The capture
cross sections are larger for electron capture {0, ~10""'¢
cm?) than for hole capture (0, ~10"'° cm?), suggesting a
donorlike defect. This is also contrary to the suggestion that
these centers may be the second acceptor level of the mer-
cury vacancy. The energies, capture cross sections, and con-
centrations for these deep levels were found to fit the minor-
ity-carrier lifetime and thermal-noise currents for the
devices with no adjustable parameters.?’

In copper-doped material, two new deep level defects were
seen. The fact that the deep defects can be changed is impor-
tant, since this indicates that the trapping and noise genera-
tion may be controllable with the proper dopant. The deep
levels again appeared donorlike (@, >, ) but their energies
were fixedatE, + 0.05eVand E, + 0.15eV, eventhoughx
and the band gap were varied.

In the gold-doped samples different deep levels were seen
in different samples, suggesting several different complexes
could be formed depending on the other impurities or defects

HTC x = 0.41

As = 3 x 10'6¢cm-3

DLTS SIGNAL aC

100 2N0 00
TEMPERATURE (K)

FiG. 7. DLTS spectrs from arsenx-doped (3x 10" ecm™’) x = 0 4}
Hg, . ,Cd,Te
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present, or on the thermal history. Again, the deep centers
seemed donorlike with ¢, > g,. For both the gold and cop-
per doping the dopant-related deep levels limited the minor-
ity-carrier lifetime, and dominated the noise generation.
New data have been obtained on arsenic-doped material.
Arsenic predominantly substitutes on the tellurium site as an
acceptor at E, + 0.01 eV for arsenic concentrations in the
10" cm ™’ range, or less. At high concentrations the activa-
tion energy is lowered due to overlap of acceptor wave func-
tions, and E, = £, + 0.004 eV at arsenic concentrations of
$x 10" cm~3. DLTS dats for x = 0.4 HgCdTe doped to
3% 10'® cm™? are shown in Fig. 7. One major peak is ob-
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Teimy * 3.2 x 10 7 sec

(AMP  MAX - AMP)/AMP MAX

0.1 -
ch-(f””ﬂh)o)‘l
ope1.4 x 107 16cm? .
0.01 +
"35.59%. a1 Te As = 3 x 10!6cm3

A b v A 1 L ' 1 ' ] i

20 4C 60 80 100
FILL TIME (nsec.)

F1G. 9. Capture cross section for the arsenic-related trap determined from
the trap flling-time constant.
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shown as a function of composition.

served with a concentration near 3 10'® cm . A smaller
peak at higher temperatures is seen at a concentration of 10'*
cm 3. The emission rates as a function of temperature are
shown in Fig. 8, and they yield uncorrected DLTS activation
energies of 0.21 and 0.29 eV. The capture cross sections for
holes can be determined from the time needed to fill the
centers. These data are shown in Fig. 9.
The major center in the arsenic-doped material has o,
= 10~% cm? and 0, =10~ " cm?. The major center acts as
if it is a multiple acceptor, with both hole and electron cap-
ture taking place on a negative center. The minor center acts
donorlike, with electron capture being easier than hole cap-
ture. This minor center in this-sample seems to be the one
predominantly seen in undoped HgCdTe. Because of its
small minority-carrier (electron) capture cross section, the
major center does not control the minority carrier lifetime;
the minor center does. In the arsenic-doped material the car-
rier concentration can dbe controlled by the arsenic doping
level, while the minority-carrier lifetime can be controlled to
some extent by annealing to remove mercury vacancies,
which also lowers the concentration of the center commonly
observed in undoped material.

Data for x = 0.2 and x = 0.3 material have also been tak-
en, and the energy levels for the center that seems to be ar-
senic-related are shown in Fig. 10. The energy level scales
with the band gap, as do the levels seen in undoped material,
but in contrast to the levels in copper-doped material, which
were fixed relative to the valence band.

A. Defect identification

While the deep-level defects have been characterized elec-
trically, and their concentrations related to different shallow
acceptors, there are still no firmly identified deep-level de-
fects. Theoretical calculations of defect energy levels so far
only provide an indication of trends, since the accuracy is
probably on the order of + 0.5 eV, much larger than the
HgCdTe band gap. In a simplified picture, the energy levels
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of a defect depend on the potential chosen, and on the over-
1ap of the defect wave function with the wave function of the
host crystal having the same symmetry. Chen and Sher™
recently compared the expected energy levels for defects in
CdTe using four different literature calculations for the
CdTe wave functions and energies. Even using the same po-
tential, a defect could shift in energy from near the valence
band to near the conduction band, depending on the model
used for the CdTe.

A few firmly identified deep levels in HgCdTe would help
establish the theoretical parameters, and would provide ex-
tensive leverage in allowing the energies of many other de-
fect centers to be estimated with usable accuracy. One gen-
eral trend in the calculations is the change in a defect level as
the Hg, _ . Cd, Te x valueis changed.!? p-type states on the
tellurium site are fixed relative to the valence band, while the
s-states on tellurium and the s- and p-states on the mercury
site tend to scale with the band gap.

The centers in undoped and arsenic-doped HgCdTe
scaled with the band gap, suggesting mercury site defects,
while the levels in copper-doped HgCdTe stayed fixed rela-
tive to the valence band, suggesting tellurium-site defects.

Preliminary data on two other experimental techniques
that may help identify defect models have recently been ob-
tained. Amirtharaj et al.,* reported work with polarized Ra-
man scattering on single-crystal material, and were able to
distinguish symmetries for scattering centers. Electron para-
magnetic resonance (EPR) techniques can be used to deter-
mine defect atomic components and defect symmetries, and
have been very important in identifying defects and defect

TABLE L. Deep-level centers seen in Hg, . Cd, Te.
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.

reactions in silicon and GaAs. Initial EPR work with CdTe
was often without success, and it was not known whether the
alloy effects would broaden the HgCdTe spectra so much
that they would be undetectable. Initial studies by Hutton,
Drumbeller, and Jones have revealed several EPR centers in
undoped x = 0.3 HgCdTe. One, or possibly two, shallow
acceptors are seen near g = 2.35 to 2.5, one with an activa-
tion energy of 1 meV, the other with £, = 10 meV, which
may be the mercury vacancy. A deep center near g = 3.0
with an activation energy of 0.050 eV seems to have (111)
wave-function symmetry. The temperature dependencies of
the EPR centers are shown in Fig. 11.

While detailed structures still have to be worked out for
both the Raman and EPR centers, it is encouraging to know
that these techniques will work in HgCdTe alloys.

Material Levels Data Suggested models
Undoped HgCdTe 2 levels at Donorlike (0, > 0,). Hg interstitial,
E, +04 Eg Levels probably different Si, C,or Clon
and states of the same Hg site, or Te
E, +07Eg defect. Concentration varies antisite.
from | to 1/100 [Hg]
control lifetime and
notse in undoped
material.
Cu doped 2 jevels Donorlike. These Cu on Te site,
E, +005ev control lifetime or Cu complex
E, +0.150eV. and noise in with a donor.
Fixed relative to Cu doped material.
E,
Aas doped Several dif- Donorlike. Au related
ferent levels multiple
seen in dif- compiexes.
ferent samples.
As doped One level near Acceptorlike (0, > 0, ). Compiex of As.
1IN E,, witb Not a good recombina-
the common tion center.
undoped defects,
seen depending
on the anneal.
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B. Discussion of deep-ievel defects

A summary of the data on deep levels in HgCdTe is given
in Table I. Several comments on the status of deep level stud-
ies can be made; (a) Detailed electrical data on trap energies,
capture cross sections, and concentrations have been ob-
tained, (b) the deep levels are important in controlling minor-
ity-carrier lifetimes and noise in HgCdTe, and (c) there are
no firmly identified deep-level centers in HgCdTe.

IV. CONCLUSIONS

Foreign elements dope HgCdTe as expected from the Pe-
riodic Table, but characterization techniques that can identi-
fy different electrically active shallow-level impurities need
to be developed. Little is known of the role of interstitials,
especially the mercury interstitial in HgCdTe. It is not
known how important interstitials or complexes are in ion
implantation or radiation damage effects. The solid-state re-
action models have given a framework for estimating the
major defect concentrations as a function of annealing.
These reaction models need to be reinforced with indepen-
dent measurements of identified defect concentrations. For
lower doping levels residual impurities are very important in
HgCdTe. Good progress has been made on electrically char-
acterizing the deep-level centers. Further work on identify-
ing centers in HgCdTe with Raman, EPR, or optical tech-
niques is needed to guide the material development and
theoretical work.
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Wavelength-Modulated Spectra of the Optical Properties
of 8'-Cu.Zn;_, from 1.5 to 5.1 eV
at the B’ = a + B’ Phase Transition?)

By
R. STEABRNS?), R. BRAUNSTEIN, and L. MULDAWER!)

Wavelength-modulated derivative spectra of the reflectivity of $’-Cu,Zn;_. are determined
between 1.5 and 5.1 eV for compositions near the 8° == a + ' phase transition. The alloys are
annealed and quenched in the 3’ phase on both sides of the phase transition. Both the intraband
and interband properties show marked changes at the tranmsition. The Drude effective mass
increases dramatically for the B’ phase in the region where a + B’ composition is thermodynami-
cally preferred, indicating flattening of the bands. Shifts in interband properties also show s
marked change at the phase transition, with the conduction bands showing a much greater sensiti-
vity than the d-bands.

Wellenlingen-modulierte Ableitungsspektren des Reflexionskoeffizienten von 8’-Cu.Zn; -, werden
zwischen 1,5 und 5,1 eV fir Zusammensetzungen nahe des B’ 3= a 4 8'-Phaseniibergangs be-
stimmt. Die Legierungen werden in der (’-Phase auf beiden Seiten des Phaseniibergangs ge-
tempert und abgeschreckt. Sowoh! die Interband- als auch die Intrabandeigenschaften zeigen sus-
geprigte Anderungen am Ubergang. Drudes effektive Masse steigt fiir die 3'-Phase in dem Bereich,
wo die a + B'-Zusammensetzung thermodynamisch bevorzugt ist, dramatisch an, was ein Ab-
flachen der Binder anzeigt. Verschiebungen der Interbandeigenschaften bestitigen diese Deutung
und weisen auf konkurrierende physikalische Mechanismen hin, die diese Verschiebungen ver-
ursachen.

1. Intreduction

Ordered beta brass (8°-CuZn) is a traditional prototype binary alloy obeying the Hume-
Rothery rules [1). Its theoretical electronic band structure, Fermi surface phase
stability, optical and other properties have been the subjects of extensive study
[2 to 8]. The wavelength-modulated spectra of the optical properties of a series of
compositions of this alloy system have been studied in the hope that they will help
lead to a better determination of the Cu and Zn potentials.

The individual shapes of conduction and Cu d-bands are, according to calculations
(2], largely independent of small variations in crysta! potential; however, the relative
position of the d-bands and conduction bands were shown to be very sensitive to the
nature of the potential. The bands originating from the d- and lower core electrons
of the elements depend primarily on the nature of the potentials within a ralius of
one atomic unit {3]. Self-consistent free-atom potentials provide a reasonably accurate
description of the fields experienced by these electrons. It is the behavior of the
potential between 1 at. unit and the atomic cell boundary which is most uncertain.
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™ T T4 Fig. 1. Comparison of crystal potentials for 8’
CuZn based on modification of free-atom po-
tentials (from [3])
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The energies of the valence electrons are very sensitive to variations of the potential
in this region and to changes of the constant potential V, between muffin-tin spheres.
The conduction bands can be shifted relative to the d-bands simply by altering the
slopes of the potentials beyond a radius of 1 at. unit or by adjusting V,. This is il-
lustrated in Fig. 1 for several possible potentials chosen for Cu and Zn. The resulting
band profiles for the stoichiometric alloy along the [110] direction in the cubic Brillouin
zone are shown in Fig. 2. It can be seen that the d-bands are effectively shifted with
respect to the conduction bands for various choices of potentials.
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Fig. 3. Phase diagram of CuZn alloy
system (from [98])
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The phase diagram of the CuZn alloy system is given in Fig. 3 (cf. [9]). The 8'-phase
is an ordered alloy of the CsCl(B2) type. This phase exists at low temperature within
& narrow range of compositions. At higher temperatures it disorders to the 8-phase
which is a random alloy with a body-centered cubic structure. It should be noted
that the 8 — 8 transformation cannot be suppressed by quenching (10]. At lower zinc
compositions the 8'-phase goes into an « + B’ phase. Pure 3’-phase material may be
quenched from the 8-phase even in the composition range where the « + 8 phase is
thermodynamically preferred at room temperature.

It should be instructive, then, to examine the optical properties, with their implica-
tions for band structure, aa the B’ = « + B’ phase boundary is crossed. If samples
are obtained which have pure f’-comprsition on both sides of the boundary, the
effects of the changes in the crystal potential due to the thermodynamic stresses in-
volved when the crystal is not in its lowest energy state may be studied. The intent
of this study is to provide experimental data concerning the optical properties of this
alloy system near this phase boundary, in order to stimulate continued theoretical
interest in this problem.

2. Sample Preparation

A series of samples was produced by melting high-purity copper and zinc in sealed
evacuated quartz tubes. Sample composition was determined by & microprobe ana-

- lysis. The three samples were found to be Cug5.Zno.«s, Cugs2Zng es, and Cug soZng se.
t’-’:& The samples were cut with a string saw and polished, the final polish being with
] 0.3 um alpha alumina polishing compound. They were then annealed for 1 h at high
r temperature in the B-phase, again in evacuated quartz tubes. The samples were quench-
:~.: ed to room temperature and given a final light polish to remove any oxide layer. A
,,-;*, final low-temperature anneal at 100 °C relieved any residual cold-work. This tem-
"o perature was low enough to prevent dezincification or precipitation of the a- or y-
Y p p
-~ phase.
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Fig. 4. X-ray diffraction scans of Cu,Zn)_, samples as a function of 20, where 6 is the X-ray
incident angle, is evident at 26 = 43.3°. a-phase would appear at 42.2°. a)z = 0.34, b) 0.52,
¢) 0.50 showing martensite line at 44.7°, d) pure B-phase material in z = 0.50 sample after low-
temperature anneal to eliminate martensite

Crystal structures of the samples were determined by X-ray diffraction analysis.
Fig. 1 2 and b show the scans of the Cug s4Zng ¢ and Cug 52Zng ;» samples. The diffrac-
tion line at £3.3° in each is due to 3-phase material. If there were any x-phase material
present, it would reveal itself by producing a line at 42.2°. Thus, we may conclude
that these are pure 8-phase samples. Fig. 4c shows the first scan of the Cug30Zug 50
sample, showing an additional line present at 44.7° for this sample. This is due to
a martensitic phase, which is a deformation of the 8-phase. This is caused by un-
relieved thermal stresses which occur in the quenching process [11]. An additional
48 h low-temperature anneal was given to relieve these stresses. This produced the
results shown in Fig. 4d, which indicate that pure 3-phase material has again been
obtained.

3. Experimental Method

Wavelength-modulation spectroscopy (12, 13] was used because of the unambiguous
lineshapes obtained by the technique and the resulting ease of interpretation of those
results. The theory of wavelength-modulation spectroscopy is well detailed elsewhere
(14, 15]. The theory of lineshapes near a three-dimensional critical point was given by
Batz [16, 17]. It is sufficient here to give the theoretical lineshapes for the sake of

Fig. 5. Universal function, Fcll), derived

by Batz [16. 17] for lineshapes near critical

R points as seen in wavelength modulation
25~ spectroscopy. F(W) -~ (W2 —1]- 1= [(W? ~
- +~ bt — W2 where W is the reduced
frequency (w — wg) . A 18 the interband

energy at the cntical point and % is a
phenomenological broadening parameter
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) Table 1
-: Derivative of critical points with broadening included in terms of F(W)
-‘\_.
R~ L. l d‘
B T wm s
KL, M, F(—TF) F(W)
! M, —F(W) F(—W)
o M, ~F(—W)  —F(W)
N M, F(W) ~F(—W)
(AN
- FOH) = (B + D2+ WRZ(F 4+ 12, B = (0 — w)fn.
N reference. All three-dimensional critical-point lineshapes may be expressed in terms of
. a single function, F(W), which is reproduced in Fig. 5. The behavior of critical points
oy in terms of F (V) is listed in Table 1. Derivative data with a resolution of 0.02 eV were
ot taken between 1.50 and 5.10 eV.
o The ultimate limit of the wavelength modulation derivative spectrometer used in
s this investigation is to be able to detect a derivative signal of the order of AR/R =~ 10-5.
3 iy It is important to remember that when the experimental signal is actually of this order,
o the signal-to-noise ratio is about one. This will also be seen in the integral optical func-
” : tions. Also, when the derivative is nearly flat, the same considerations may lead to
i noise in the optical functions. We may express this analytically as saying that the error
el bars will be larger when AR/R is small or when d(AR/R)/d) is small.
P This is the source of the anomalous structure which will be seen at the low energy
£ end of these spectra. This is also the source of the noise in the high-energy regions which
) AN make exact assignment of d-band-to-conduction band transitions impossible.
; _'_-; 4. Experimental Results
L4 ",
& .j'_ The logarithmic derivatives of this series of samples, which are the direct experimental
,_";;_: results, are illustrated in Fig. 6. These are integrated to yield the reflectivities shown
IEXY in Fig. 7. In order to analyze these results, the dielectric function must first be cal-
R culated,
J The Kramers-Kronig dispersion relation must be used to find the phase shift, so that

other optical properties may be calculated from the reflectivity and the phase shift.
To perform the integrals involved, the reflectivities must be extrapolated over the
'\ entire energy spectrum. On the infrared side, a Hagen-Rubens extrapolation (cf. [18])

is used to match the low-energy end of the experimental spectrum and a reflectivity

o ' of 1009, at zero energy. The data of Muldawer and Goldman [19] are used from 5.1
R to 18 eV. At higher energies, a constant reflectivity was used. This brings us into con-
3 f sistency with the other work [19], so results may be compared. Using this information,
B the real and imaginary parts of the dielectric function, ¢, and ¢,, are calculated. These
PN are found in Fig. 8. Their derivatives are found numerically and are displayed in Fig. 9.
e There are several points to note about the reflectivity data. The position of the main
S minimum in the reflectivity moves from lower to higher energy as the copper concen-
A tration decreases. The minima are at 2.48, 2.64, and 2.68 eV for 50, 48, and 46°;, zinc,
L respectively. This is in agreement with the results of Muldawer and Goldman [19].
- The depth of the reflectivity minimum increases as the zinc concentration increases.
::.;;, At 509, zinc the minimum reflectivity is 35.2¢;, while at 46°, zinc the minimum is
;,‘:,.', at 16.99;.
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= 0.50, (b) 0.52, (c) 0.54

The final note is that the reflectivity at higher energies is essentially featureless and
does not show the structure which has been reported [19]. In this matter, it is similar
to the data which Jan and Vishnubhatla [20] obtained for CuZn. The reasons for this
will be discussed in the later section on interband transitions.

5. Intraband Transitions

The intraband and interband contributions to the dielectric function have been separ-
ated using a method of deconvolution which was previously described (21, 22]. The
values of the Drude effective mass and relaxation time for each alloy composition are
given in Table 2.

The relaxation times are slightly higher than others have found by optical means
for this alloy system [19, 20}. However, it should be noted that the relaxation times
calculated from resistivity data are an order of magnitude larger than those found by
optical means [19].

Table 2

Drude optical parameters

composition effective mass to relaxation time
—_— free-electron mass (10-1% )

(% Cu) (% Zn) m*/m,

54 46 1.89 2.64

52 48 1.17 2.13

50 50 1.20 3.69
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o
WY The most striking feature of the data in Table 2 is the change in effective mass. The
- values of 1.20 for 50°,, and 1.17 for 489, zinc are not far from the value of 1.4 reported
-‘:: for 509, zinc [20]. The effective mass of 1.89 free-electron masses found for the 469,
s zinc sample represents a significant departure from the other compositions. This means
. that there is a considerable flattening of the energy bands near the Fermi surface when
, the 8" — a + 8’ phase transition has been crossed (Fig. 3) at the lower zinc concen-
.o tration.
s
s 6. Plasma Resonance
\."- Before making interband assignments, we need to look at the structure which dominates
o the experimental spectrum, the main plasma resonance which is responsible for the
. main dip in the reflectivity. The plasma resonance occurs when the real part of the
_;‘_.' dielectric function goes through zero. In the CuZn system this happens at a point very
o near to the onset of interband transition. For the 509 zinc sample, the plasma reson-
-~ ance is at 2,43 eV, while for the 48°; and 469, zinc samples the resonance is at 2.57
; ::.' and 2.59 eV. The peak in the energy loss function (Fig. 10) due to the plasma resonance
e is greatly damped because of the relatively large values of ¢, in the region. This is
P because of the proximity of the onset of interband transitions to the plasma resonance.
"-::: 7. Fermi Level-to-Conduction Band Transitions
- Once the Drude parameters have been determined, they may be used in the classical
[ Drude expressions for the dielectric function to subtract the intraband contribution
-y from the total experimentally determined dielectric function. The remaining functions
are the interband parts of the dielectric function. The real parts of this, ¢,,, are dis-
X played in Fig. 11, left part, while the imaginary parts, ¢., are given in Fig. 11, right
"; part, for the three samples. The derivatives of these are shown in Fig. 12, left and right
I part, respectively. These results are now used to analyze and assign the interband tran-
7 sitions in the alloy system.
Sl The band structure of ordered beta-brass as calculated by Amar and co-workers
o [3, 4] is shown in Fig. 13. The derivatives of interband parts of the dielectric function
J m which have been measured may now be compared
f } to the band calculations using the theory of Batz
\;\ | aw_ | ) (16, 17] for wavelength-modulation data. '
. & Q% = The onset of interband transitions has previ-
3 N = . . ously been identified as the Fermi level to conduc-
" £ . /\ . tion band transitions, £, - X, and Ty — T,
N . @ ‘\ _ [2.4]. The critical point of thetransition, then, is
so- / = My — M, It would be expected that there would be
o - '\ * & double structure due to thetransition M;. —M,.
:.,-: “- y ]‘ ~  The above band structure shows a value of 2.0 eV’
F.:: i0- ;} ! -
- “
W - o .
B 20- \ -
EN] 10~ -
::'.: - ¢ - Fig. 10. Energy loss function of Cu,Zn,_, (a) 1 = 0.50,
- ¢ (b) 0.52, (c) 0.54
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Fig. 13. Band structure of 3'-CuZn calculated by Amar and co-workers [3, 4]

for the onset of transition Ty — T, and 2.3 eV for the transition £, — X,. It shows that
the Ms- — M, transition has an energy of 3.3 eV. Therefore, we should expect to see
a break in the derivative of the dielectric function due to the onset at about 2.0 eV
followed by an enhancement near 2.3 eV. This would then be followed by a doubie-
extreme-point structure near 3.3 eV,

We can also determine from the band structure the type of three-dimensional critical
point to expect. The band at M;- has greater curvature than the conduction band at M,.
Therefore, the transition M;- — M, is a maximum of the optical band, an M, critical
point. This is not the casge, however, for the My — M transition. The conduction band
rises much faster than the valence band in the Z-direction, but is again shallower than
the valence band in the T-direction of the Brillouin zone. Therefore, the optical band
bas & saddle-point type of critical point for this transition.

In the derivative of ¢, for Cuy s0Zng so (Fig. 12 (curve a), left part), the critical point
structure is found in the double dip structure centered at about 3.1 eV. Since an M,
critical point has a pogitive derivative in ¢, at the critical point,the M;- — M, transi-
tion is associated with the positive peak at the center of the double structure. The
associated structure in the derivative of £, (Fig. 12 (curve a), right part) is the local
dip in the descending derivative at 3.14 eV. The centrum of these two structures is the !
location of the critical point, 3.16 eV. The assignment of the Ms.- — M, given to the '
local minimum in the derivative of £, at 3.26 eV. The corresponding structure in the
derivative of ¢, is the minimum at 3.32 eV. The position of the critical point is thus at
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329 eV. This is in close agreement with the calculations of Amar and co-workers
{3, 4), but is somewhat higher in energy than the theory of Skriver and Christensen [8]
and the results of Muldawer and Goldman [19].

The onsets of these transitions are associated with breaks in the derivatives at lower
energies. There are breaks in the derivatives at 2.1 and 2.2 eV which could be assigned
to onsets at T, — T, and I, — I, respectively. The break at 2.5 eV could then be
assigned to the onset at Ty ~ T,-, although this should be regarded as speculative.

In Cug 52Zng s, the onsets of the transitions have remained at pretty much the same
energies, while the critical points have moved to higher energies. Note (in Fig. 12
(curve b), left and right part) that the double structure at the critical points remains,
but it has moved to higher energy, in agreement with [19). The My — M, critical
point is at 3.36 eV and the Ms- — Mj critical point is at 3.60 eV. This also represents
a slightly greater separation between the two conduction bands. There sre again
breaks in the derivative spectra at 2.1, 2.2, and 2.6 eV, for this composition, which
have the same interpretation as the corresponding structures seen in the 502, copper
sample.

The Cug 5¢Zng 45 presents a considerably different pictureof the interband transitions
as measured by the derivatives of £1y and g2, (Fig. 12 (curve c), left and right part).
The Ms. — M, critical point is at 3.01 eV and the M;- — M, critical point is at 3.29 V",
The break at 1.8 eV is the onset of transitions to the lower conduction band and the
break at 2.4 eV is due to transitions to the upper conduction band.

For each of the samples in this investigation, the derivative of ¢, is dominated by
a large negative dip which is due to the My — M, traneition. The peak due to the
M; — M, transition is a perturbation which is superimposed on the major dip. The
critical-point energies are greater for Cugs2Zng s than for CugsoZngsq, but are then
again lower for the Cug s4Zng 4 sample. This indicates that there are competing forces
whose interplay determines the transition energies.

8. d-Band Transitions

The band structure of Fig. 13 shows that the Cu d-bands lie 4 to 6 eV below the Fermi
surface. There are several points in the Brillouin zone where d-band to Fermi-surface
transitions are possible, with the energies of the onsets being approximately equal.
However, the critical-point structure of the transitions will not be seen because the
transition at the actual extremum of the optical band would be a filled state-to-filled
state transition. For example, the band picture shows that the transition T, — T,
occurs at about 4.1 eV". The critical point of this transition is at M, — Ms.. The band
is filled at M;. 80 the extremal point will not be seen.

When this kind of transition occurs, the critical structure is missing and only relat-
ively small breaks in the derivatives of ¢, are seen. In addition, it is unlikely that these
d-band-to-Fermi surface transitions will cause large structures in the AR/ R derivative
data, and this is confirmed in our experimental data. This is distinctly different from
other reflectivity data [19], where a series of structures are seen extending from 3.7 eV’
to higher energies. The reason for this discrepancy is not clear.

In the 48°; and 509, Zn samples, there is evidence for breaks in the derivatives, as
discussed, at about 3.7 eV. In the 469, Zn sample, the first such break occursat 3.6 eV'.
These results are slightly lower than the band structure of Amar and Johnson [3, 4]
would indicate. Skriver and Christensen [8] show that the d-bands lie 3 to 5 eV below
the Fermi surface, which would be considerably lower than our results. Thus, the d-
band-to-Fermi surface energy difference is much less affected by the crossing of the
phase boundary than are the Fermi surface-to-conducting band energy differences, in
agreement with [19].
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9. Conclusions

There are three major experimental facts arising from this investigation which need
to be brought together to provide a unified picture of the physics of this alloy system.
They are:

(i) The effective mass for intraband transitions has a sharp, large increase as we go
from the B'-field to the « + B’ field, while maintaining a 8’-structure.

(ii) The energy differences for the valence band-to-conduction band critical points
first rise upon going to lower composition and then drop significantly upon crossing
the phase boundary.

\i1i) The onset of d-band-to-valence band transitions moves to lower energy as the
Zn concentration decreases, but the effect is much less than in (2).

We note from these observations that there is a considerable flattening of the valence
bands upon crossing the phase boundary. There is also 8 downward shifting of both
the conduction and the Cu d-bands with respect to the valence bands, although the
shift of the conduction bands is much greater than the shift of the d-bands. The expla-
nation of these results must form the basis for future band calculations in this alloy
system.
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Optical Properties of ’-AuZn by Wavelength-Modulated
Derivative Spectroscopy®

By

R. STEARNS?), R. BRAUNSTEIN, and L. MULDAWER®)

Derivative spectra of the optical properties of 3°-AuZn are obtained using wavelength-modulated
spectroscopy between 1.5 and 5.1 eV. Assignments are made for the interband transition at the M
point of the Brillouin zone which fix the transition energies with an accuracy previously unat-
tained.

Es werden Ableitungsspektren der optischen Eigenschaften von f8”-AuZn mittels wellenlangen-
modulierter Spektroskopie zwischen 1,5 und 5,1 eV erhalten. Fiir den Interbandiibergang am M-
Punkt der Frillouin-Zone werden Zuordnungen gemacht, welche die Ubergangsenergien mit einer
bisber un ‘rreichten Genauigkeit festlegen.

1. Introduction

8°-AuZn is nearly a perfect prototype of the ordered alloy of the CsCl structure. The
8'-phase is an ordered phase of two interlocking simple cubic sublattices, one for each
atomic constituent; the cube corners of each sublattice form the cube centers for the
other sublattice. The principal problem in calculating the band structure of this alloy
gystem is similar to that in other alloys, that is, the problem of specification of the
potentials to give proper placement of the Au d-bands.

The best band structure calculation available places the Au d-bands with an accu-
racy of 0.5 eV [1]. Previous experimental studies of this alloy system [2, 3] have not
shed much light on this problem since they mainly dealt with the principal band
edge, which does not involve the lower lying d-bands.

This current study reports the wavelength-modulated spectrum of 8'-AuZn for the
first time. The results which follow give specific assignment to some of the transitions
involving the Au d-bands. The spectrum of (1/R) (dR/dE) has been determined be-
tween 1.5 and 5.1 eV, and other optical properties have been calculated after a Kra-
mers-Kronig analysis of the data was performed.

The ordered 3-phase of 4uZn is stable over a narrow range of atomic composition,
bracketing the stoichiometric 8'-Aug,Zng,, a8 shown in Fig. 1. At room temperature,
the boundaries of the 8’-phase are AugZng, and Ause sZny; 5, with the phase boundaries
widening with increasing temperature [4]. This phase has the structure of CsCl (B2)
type [5], with a lattice constant a = 0.3128 nm at 49.5 at%, Zn [6]. It may also be
noted from Fig. 1 that this system has no disordered 3-phase at higher temperature as
i seen, for example, in the CuZn alloy system [4).

:_.:‘ !) Los Angeles, California 90024, USA.

e ') Work supported in part by the U.S.A. Research Office, Durham, North-Carolina, and by
,'-:,‘ the A.F. Office of Scientific Research.

Ve %) Current sddress: Newport Corporation, Fountain Valley, CA 92708, USA.

:;.:. 4) Permanent address: Temple University, Philadelphia, PA 19122, USA.

>

()

P
LA R
L RPN TS

‘4

Vl"-“
AL YN
L

Ty
N

%% M e e e L e sy
LR

g .'\-I,"(‘.-,’_.-‘_ - _, ";-",-("-":E':""":'P":I' ‘ e S T e IR g A o -
. V.. PV A A T e L . R T Y % e IO T T
w L LN, P P LS, N, P RN A A Tarin Ao A A . TN - g Y ')\"-\_-"_h\_fl.ﬂ_n

]




. e e Aodas Sl ek Mal ok Sad Sl ded et il Al Bk Ad BB Sdh G dh g d U oA e dite g e pondhan San S S aa-Ahe - b i Y Yl el talonalh vad vk sad sk Al Ank® g A A el i bl otk T add ol alh-as |

~
¥
s .
A 736 R. STEARNS, R. BRAUNSTEDY, and L. MtLDAWER
- 2n contentiwt %) ——e-
. g 10 20 5C 30
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[ 2. Sample Preparation
o The AuZn sample which was used in this investigation was prepared from 0.9998
: pure Au and 0.99999 pure Zn. The AuZn mixture was sealed in a tube at a pressure
. of less than 10-* mm Hg and shaken in the liquid state 5000 times before quenching
5 to room temperature. The sample was subsequently annealed at 600 °C for 24 h in
. order to homogenize it, and was then again quenched to room temperature. After
’. cutting and polishing, it was given another anneal near 200 °C in order to remove any
- cold work introduced during the finishing process. The final composition of the sample,
as determined by assay for Au content by the U.S. Mint, is B’-Aus; ¢Zny .
" 3. Experimental Method
. Wavelength-modulated apectroscopy [7.8] was used because of the unambiguous
5 lineshapes obtained by the technique and the resulting ease of interpretation of these
g lineshapes. The theory of wavelength-modulation spectroscopy is well detailed else-
o where (9, 10]. The theory of the lineshapes near a three-dimensional critical point
3 was given by Batz [11, 12]. It is sufficient here to give the theoretical lineshapes for
- the sake of reference. All three-dimensional critical-point lineshapes may be expressed

in terms of a single function, F(W), which is reproduced in Fig. 2. The behavior of

[

v

Fig. 2. Universal function, F(I), derived
by Batz [11,12] for lineshapes near criti-
cal points as seen in wavelength modula-
tion spectroscopy. F(H) = [ — 1]-1/2
x [(W't + 112 &+ W)Y2, where 1" is the re-
duced frequency (w — wg)/n. A is theinter-
band energy at the critical point and 5 is a
phenomenological broadening parameter
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Table ]

Derivative of critical points with broadening included in terms of F(H’)
(FIF) = (W2 = Y2 - WU - U2, W = (@ — wy)/n)

critical gqr 94 gz 35
M, F(—W) F(W)
M, —F(W) F(—W)
M, —F(=W) —F(W)
M, F(W)  —F(—W)

critical points in terms of F(¥’) is listed in Table 1. Derivative data with & spacing
of 0.02 eV between data points were taken between 1.50 and 5.10 eV, The depth of
modulation, A2/, was about 1.5 x 1073 at the Hg green line and varied in a manner
that was approximately proportional to energy. Thus, the resolution of the data
should be better than the spacing of the data points.

4. Experimental Results

The logarithmic derivative of the reflectivity (Fig. 3) was determined experimentally
and integrated to yield the complete reflectivity spectrum from 1.5 to 5.1 eV (Fig. 4).
The general shape of the reflectivity curve in Fig. 4 agrees with previous results (2, 3],
but shows shifting of major structures and has additional fine structure. The minimum
at 3.2 eV and the maximum at 3.78 eV are at higher energies than in the other work.
The sharp dip in the reflectivity at about 2 eV accounts for the color of the material,
which could be described as a ruddy brass. This may be similar to the yellow-pink
described by Jan and Vishnubhatla [3] and the ‘*pale purple’ seen by Muldawer [2).

In order to determine the other optical properties of AuZn, a Kramers-Kronig
analysis of the data was undertaken. In order to perform the integration which is
involved, extrapolations of the reflectivity to the infrared and ultraviolet regions of
the spectrum were necessary. The data of Jan and Vishnubhatla [3] were used for the
region from 5.1 to 10 eV. Contributions to the integrals from even high energies are

10
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Fig. 3 Fig. 4

Fig. 3. (1/R) (dR/AFE) for 3’-AuZn. This is the direct experimental result of wavelength-modulated
derivative spectroscopy

Fig. 4. Reflectivity of 3°-AuZa. The reflectivity is determined by integrating the results of Fig. 3
47 physiea (b) 129/2
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Fig. 5. Real and imaginury parts of the dielectric function, a) ¢, and b) & [15]. These are deter-
mined by a Kramers-Kronig analysis of the reflectivity in Fig. 4

Fig. 8. Derivatives of the real and imaginary parts of the dielectric function, a) £; and b) ¢

small, due to the local nature of the integrals. A principal effect of a different choice
of far uv extrapolation is the addition of a dc level to the optical constants. Muldawer
and Goldman [13] found that for 3-CuZn alloys, the reflectivity actually increases
between 12 and 18 eV. Therefore, in order to provide a reasonable comparison with
other alloys of the CsCl structure, a constant reflectivity was used for energies greater
than 10 eV. In the infrared, s Hagen-Rubens extrapolation (cf. [14]) to a reflectivity
of 1009, at zero energy was used. The extrapolations were normalized to the experi-
mental data. These are small discontinuities at the points where the spectral regions
meet. This can cause localized anomalous structure at the end points of the data.
However, due to the Jocal nature of the Kramers-Kronig integrals, this structure will
not effect the general structure of the experimental spectra.

Fig. 5 shows the real and imaginary parts of the dielectric function, ¢, and ¢,. and
Fig. 6 their derivatives, ¢; and &, which are calculated from the results of the Kramers-

[ LY T " ; Fig. 7. Determination of the Drude parameters of 5'-AuZn.
7 SN 4 The curves represent two functions, m*(r) (m® effective
N\, mass, 7 relaxation time), one for the real part and ore for
g | N 7 the imaginary part of ¢'. Each function gives the value of m*®
T ", 6 -1 which best deconvolutes [14, 15] the Drude and bound parts
L W i of the dielectric function for a given value of r. The crossing
L6y of these functions (v = 2.76 x 10-!%, m*/m = 1.10) ir the
0r * 7]  point where the same values of m® and r minimize the de-
~. 1 correlation function of both ¢; and ¢3. This intersection is the

08 ZLG “15 ,0 ‘ physical result for the Drude parameters (14, 15]
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Fig. 9

Fig. 8. Bound parts of the dielectric function, &, and ey [15], which result when the Drude contri-
butions are subtracted from ¢, and ¢,

Fig. 9. Derivatives with respect to energy of the bound parts of the dielectric function. ¢;, and
£2,. With reference to the band structure in Fig. 11 obtained from [11], the following transitions
are identified: M;_ — Me. (1.67eV), M:;_ — M;_ (Ep) (2.06eV), Mg_ — Mg. (2.28eV),
Mio — M;.(3.26eV), Mg — M7 (3.86eV), Mg, (d) — Mz_ (4.4 eV), Mgs(d) — Mg (4.61 V')

Kronig integral. These data are then used to find the Drude parameters, the effective
mass, and relaxation time, by deconvoluting the Drude-like terms and bound terms
as described elsewhere [15, 16]. Fig. 7 shows the curves generated from the deriva-
tives of the dielectric functions to separate the free- and bound-electron contributions.
Their intersection determines the values of the Drude parameters {14, 15]. The Drude
effective mass was found to be 1.10 times the free-electron mass and the relaxation
time was found to be 2.76 x 107!¥8. The value for the effective mass compares
favorably with the previous value of 1.2 [3). The relaxation time for AuZn is not given
elsewhere; the value here is about 2 to 3 times the relaxation time for CuZn [13].
Fig. 8 and 9 are the bound-electron contributions to the dielectric function, ¢, and &4,
and their derivatives, ¢;, and &2, which are obtained when the Drude parameters are
used to subtract the free-electron contributions from the dielectric function.
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Finally, the absorption coefficient is given in Fig. 10. The general shape is the same
as previously reported (3], but the maximum is at 4.1 instead of 3.2 eV. This also
illustrates the shift in major structure noted in the discussion of the reflectivity.

5. Interband Transitions

The band structure which was previously calculated for AuZn is given in Fig. 11 [1].
Assignment of interband transitions is made using the data found from the derivatives
of the bound parts of the dielectric function. The proper lineshape for each transition
is determined by first finding the type of critical point involved in the transition from
band theory and comparing that with the lineshapes of Table 1. Finding that a
transition, determined from Fig. 9, has a lineshape as expected near the predicted
energy lends confidence to interband transition assignments.

&.1 Fermi level to higher bands

The band structure in Fig. 11 shows that the onset of interband transitions is due to
transitions from the Fermi level to higher conduction bands at the M point, that is,
the (110) direction, in the Brillouin zone. The lowest-energy transitions are M;_ —
— Ms_ and M¢_ — M,.. The band calculation has a criticalgapof 2.0 eV forM,_ —
— My with an onset at 1.6 eV for this transition. The Ms_ — Ms_ transition has a
critical point energy of 2.6 eV and an onset of 1.8 eV, according to Fig. 11. The experi-
mental data yield lower values for these energies. M:_ — M, is at 1.67 eV". This is
probably the reason why the reflectivity is rising at the low-energy end of the spectrum.

Me¢_ — My is found to be at 2.28 eV, asgiven by the dip in ¢, at 2.4 eV and the
peak in g;, at 2.2 eV. Both transitions involved here are shifted to & lower energy by
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Fig. 11. Band structure of 2'-AuZn as calculated by Connolly and Johnson [1]
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about 0.3 eV . This leads to a conclusion that the My, conduction band should be shifted

.f
¥

o down by about that energy with respect to the Fermi level. If this is done, that would
e place the onset of the second transition below the experimental energy range.
Y The transitions from the Fermi level to the second higher conduction band occur in

»
.

(2
[l

L 4
L

the intermediate part of the spectrum. The band picture predicts that the transitions
M;_ — M;, and M, — M;, willbeat 3.3and 3.9 eV, respectively. The experimental
data show these to be at 3.26 and 3.86 eV. These assignments give an internal
consistency to the results. By subtracting transition energies, a value for the Mq_. —
—~ M;_ gap may be obtained. The low and intermediate energy assignments give
0.61 and 0.60 eV, respectively, for this difference. The difference between these two
values is less than the resolution of the experimental data.

!

5.2 Trangitions involving d-bands

There 18 one other structure in the lower-energy portion of the spectrum. This is due
to transitions from the upper Au d-band to the Fermi level. The actual critical point
from the highest lying M; ., tothe M:_ conduction band at the Fermi level cannot be
seen because the upper level is filled. However, the transition has an onset at the point
where the valence band crosses the Fermi level. By inspection of the band structure
of Fig. 11, it is apparent that this critical point is of the M, (minimum) type. Fig. 12
shaws, in accordance with Table 1, how the lineshapes for ¢; and ¢; behave near an M,
critical point. In this figure, w, is the critical point gap and ¢, is the point of the
actua] onset. The dashed line shows how the transition lineshape will actuallv behave.
Note that the structure in ¢, is quite small compared to the structure which would be
observed in ¢;. This behavior can actually be seen in the experimental spectrum at
2.06 eV. The observation of this transition is an illustration of the strength of modula-
tion spectroscopy, since this observation would be very difficult in a standard reflectiv-
ity experiment.

The onset is observed at 2.06 eV, compared to 2.2 eV as predicted by the band
structure. Fig. 13 shows how some of the bands might be shifted to match the obser-
vations made so far (slong with some other shifts which will be discussed in the re-
mainder of this discussion). The M4 point is shifted down in energy by 0.3 eV, while
M: . remains the same. The M;_ and My _ partially filled valence bands are unchanged
with respect to these two bands. The M:. Au d-band is shifted upward by about
0.2 eV, in accordance with the observed structure.

|

g Wy

(W) ———e———m

Fig. 12. Lineshapes near an M, cricital point se determined from Fig. 2 and Table 1. If the upper
band involved in the transtion is partially filled, then the critical point itself will not be seen in
the experimental spectrum since it is a filled-atate to filled-state transition. Transitions will begin
at an energy, Ay, at which there are empty final states. The dashed lines in the figure show
the expected experimental resulte for auch a situation
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Fig. 13. Adjustments of the £’-AuZn bands near the M point
of the Brillonin zone to fit the experimental results. The solid
lines are reproduced from Fig. 11 and the dashed lines are the
adjustments of the bands which are suggested by the experi-
mentally determined transition assignments
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If the modification of the M,. conduction band ix
correct, the transition from the second Au d-band to
this upper band would be at 4.6 eV. A major structure
is observed centered at 4.61 eV. Since it follows the
lineshape for the M, transition which is predicted by
the band picture, this structure is assigned to the M,_
(d-band) — M, (cond.) trensition.

Also, the My, modification, slong with the proposed
shift in the M;_, d-band, brings the M;, — M,_ transi-
tion to almost the same energy as the M._ — M-:_
transition discussed previously. The convolution of
these two critical points can be seen in the additional
structure st about 3.4 eV.

The last major structure in this experimental spectrum is at 5.0 eV. A possible
assignment for this structure is the d-band to conduction band transition M;: . — M,_.
However, this would require breaking the degeneracy of the intermediate Au d-bands
as suggested by Fig. 13. An exact assignment is difficult since anomalous structure due
to end-point problems may have some effect on the apparent optical functions, as
discussed previously.

The only transition which we would hope to see from the lowest Au d-band is to the
Fermi level. Again, the actual critical point is filled, 80 all that will be seen is a small
break in the spectrum at the point where the d-band to Fermi level transition has its
onset. The band structure gives an energy of 4.8 eV for the onset of this transition.
There are no breaks between the structures at 4.6and 5.0eV. This transition is assigned
to the small structure at 4.4 eV. This necessitates raising the lower Au d-band as shown
in Fig. 13. This structure is right at the limits allowed by the noise level in the data,
8o this assignment must be regarded as tentative.

6. Conclusions

The experimental results which have been described are summarized in Table 2. These
results should help in the placement of the Au d-bands in the AuZn alloy system. In
the band structure of Connolly and Johnson (1], the four Au d-bands had a total
width of 2.8 2V at the M point, while using the results from our work, this same width
is about 2.5 eV'. This should be a more accurate result, since the placement of the
d-bands in the previous calculation was +0.5 eV. These resuits should allow a more
accurate calculation of the crystal potential for band structure calculations.
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Table 2
Summary of experimental results
transition predicted experimental
energy (eV) energy
m AE (eV)
M;_ — M. 2.0 1.67
Mg — Ms- 2.6 2.28
M._ — M. 33 3.26
Mo — M- 3.9 3.86
M: . (upper d) — M:_(Ly) 2.2 (onset) 2.06 (onset)
M. (mid. d) —~ Mg (cond.) 5.0 4.61
M;. — Mg 5.0 5.0
M¢ - (lower d) — M;_(E§) 4.8 (onset) 4.4 (onset)
Rs,. — R;_ 4.6 4.6
Ra. — Rs+ 4.8 5.0

Drude effective mass m*/m = 1.10.
Drude relaxation time t = 2.76 x 10718 4,
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Deep level derivative spectroscopy of semiconductors by wavelengt!h modulation techniques
R. Braunstein, $. M. Eetemad), and R. K. Kim

Department of Phvsics, Urnisverwitv of California,
Los Angelrs. California 90024

Abstract

An infrared wavelength modulated absorption spectrometer capable of measuring changes 1n the abscorpt.ion
coefficient of levels of 1073 ca™? in the spectral range 0.2-20 microns was emploved to study bulk and
surface absorption in semiconductors. The results of the study of deep levels 1n semi-1nsulating Galds
surface layers on Si, GaAs, and HgCdTe, oxygen complexes in floating-zone si1licon, and determinatiun of
strain in 1on implanted layers are presented.

Introduction

The utilization of semiconductors tn devices for the amplification, detection. generation, and signal
processing of high frequency electromagnetic radiation in verv high density configurations requires an
intimste knowvledge of the impurities and structure imperfections which affect device performance. It has
been a scientific and technological challenge to develop nondestructive techniques to detect such
imparfections and to develop s conceptual framework for understanding their microscopic electronic structure.
In fashioning high density arrays of semiconductor devices, 1t 1s essential to start with well
characterized, homogeneous substrates to obtain near-identical properties of individual rircult elements.
Aside from knoving how to select the initial "vinning” substrate, subsequent deuvice procecsing can introduce
unknown impurities or defects which can degrade device performance and consequentlv it would be des:irtalir t.
have a technique which 138 capable of following the evaluatjon of a semiconductor's characteristics from 1ts
initial growth through the device processing phases.

A poverful array of enetron spectroscopies! exist for detecting chemical impurities but these require an
ultra-high-vacuum environment and are not readily adaptable to analytical procedures wvhich can ultimatelv be
used on the production line. There exists an immense variety of junction techniques emploving some form of
deep level transient spectroscopy (DLTS) to study deep level defects whose variation depends o whirh
junction parameter is finally measured.? However, apart from technical details, the end result one desires
to extract from these measurements are the optical and thermal emission cross sections for elertrons and
holes, ax well ag the concentration of levels. In general excited state, thresholds for transitions
between levels, and intra-center transitions between levels are not easilv determined using the above
techniques. The presence of high electric fields at the junctions adds complications to the interpretatiorn
of the data. In addition, thersal processing of the test structures can introduce further defects Direcs
optical absorption measurements yileld the quantities of interest, but at the level of sensitivity of DLTS
techniques, on the order of 1012-1014/ce?, 1t 15 not possible to employ conventional techniqées Consequentlv
consideration has been given to optical modulstion spectroscopies for detecting small structures out of a
broad background.3 A family of derivative spectroscopy techniques has been developcd vhere the modulation
parameter msy be the electric field, stress temperature, or wavelength of the probing light beam Recent 1v |
vavelength modulation photoresponse spectroscopirs have evolved to wmcasure photo-induced chasnges in voltage ?
capacitance,? and current® from which the absorption coefficients are inferred. An examination of wavelength
sodulation photoresponse spectroscopies in contrast to direct wavelength modulation absorption/reflectonr
indicates that the latter i1s the most suitable technique for studving deep levels since it yields unambiguous
line shapes.”’

We have developed an infrared wvavelength modulated system capable of mrasuring changes in absorption
coefficients at levels of 1073 ca™! out of a broad background in the spectral range 0.2-20 microns ® Cince
it 1s not necessary to sake electrical contact to the sample one obviates possible contamsination by thermal
processing necessary for DLTS or photoresponse techniques. In addition, being an optical technique there
are no restrictions on the resistivity of the sample. In this report we will discuss the use of this svstem
in a number of studies concerned with characterization of semiconductors.

Infrared wavelength sodylation gystes

The theory of operation of the infrared wavelength msodulation system, its constructior. and
implementation has been previously reported.® For the purposes of the present discussion we shall indicate
some general aspects of 1ts operation. [n one forms of this system we have emploved & Perkin-Elmer 301
spectrometer 1n a single beam sample-in and sample-out scheme shown in Fig. 1. The sample-1n. sample-out
and gpectrometer wave-number positions are preset at intervals bv stepping msotors, these and the data
collecting system are controlled by an on-line microprocessor (Motorola M6B00) or a CAMAC Bmme I'DF 1122
computer; 8 block disgram of the control system 1s shown 1n Fig. 2. The modulation of the vavelength 1s
sccomplished by the sinuscidsal sweeping the output of the light beam across the exit slit of the
monochromator by a vibrating mirror; this method of modulation 1s equallv good for anv wavclength and the
amplitude can be continuously varied up to AA/X ~ 1072, The svystem emploves two lock-in amplifirrs As
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showh tn Figes ! aid 2, lock=1n amplifier T measures the jutensitv of the chopped radiation at frequency f
ot 3 fixed wavelength with the sample-in and the sample-out while lock-in amplifer 11, at frequencvy f_, !
measurcs the derivative signal also vith the sample-1in and sample-out. Appropriate light sour-es f;?ters
and detectnrs are employed for a given spectral region. At the end of a data taking rycle the energvy
derivative of the absorption as wel!l as 1ts integral are calculated by a PDP 11/23 computer and the results
plotted. The constant of integration 1s supplied by the direct measurement of the absorption in a
convenient spectral region.

Perivative abgorption spectrogcopy of GaAg . Cr

The above i1nfrared wavelength mndulated system wvas employed in a detairled study of the derivat ve
absorption of GaAs:Cr 9 Figures 3 and 4 show the integrated derivative data of semi-insulating GaAs Cr at
300 K with various degrees of shallow donor-acceptor compensations All the samples were semi-:ns:ulating
and contained ~ 1016/cm3 Cr. The samples 1n Fig. 3 were highly compensated whilc those in Fig 4 wrre
slightly more p- or n-type, respectively. The extensive fine structures with variation in absorptiun
coefficient of AK ~ 107! to 1072 ca™! out of a relatively smooth background absorption of 1~2 cm™ ' cthold be
noted. Trevinusly reported conventional optical absorption measurements revealed s fev platcau-like
structures, 1ndicating that they had only observed the envelope of the absorption in this region 10 The
detalled extensive fine structure observed can be correlated vith an energv level scheme of (Cr3*-Cr2*) jons
1n GaAs <hown tn Fig. S and interpreted in terms of trancitions from Cr-ions to the valence and conduction
bands and excited states. The complexity of the spectra 1s due to coupling of Cr to donur or acceptor
complexes, and t'e subtle changes are due to the drgree nf compensation and consequent position of the Ferm
level 1r these fcur semi-insulating samples. A complete analysis indicates that a comparahle number of (r
atoms arc at tetragonal and trigonal sites and can explatn the rapid diffusion of Cr in GaAs.?

Semi-insulating LEC GaAs

An extensive study was made on semi-i1nsulating GaAs grown by the liquid encapsulated Czochralski
technique (LFC) Thesc studics were performed in the spectral region 0 3-1 5 eV and the temperature range
80-300 k. In these samples, we observed a number of structures due toe 12, other drfects. and i1@mpurities
Several fine <trurturerc vere observed which can be 1nterpreted in terms of intra-center transit,ons betuvecn
levels of impurit:ies split bv the crvstal field: the data were obtained vith our derivative spectrome'er and
the integrated recults are discussed below.

Figure 6 shows the absorption of semi-insulating LLCC GaAs at 300 K. The threshold at 1.4 eV 1s the
onset of the direct band-to-band transition, while the threshold at 1.0 eV 18 the onset of the EL2 defect
The small structure between 0.3 and 0.5 eV and threshold at 0.5 eV should be noted. The sensitiv:ty of our
measurement allows us to give credence to changes 1n absorprtion coefficient ~ 1073 ca™! As the temperature
18 reduced to 160 k. we note the emergence of structure gshown in Fig. 7 on a vastly expanded scale When
the sample temperature 15 reduced to 80 K, the structure vith a threshold at 1.0 eV at room temperature
abruptlv quenchegs when the <ample 15 11luminated with band gap light; see Fig. 8. When the sample
temperature 1s increased and the measurement performed vithout band gap light present, the F12 threshold
returns. The metastability of this level and 1ts possible identification as an anti-site defect of GaAs
have been previouslv discussed. !!

Figure 9 shows the structure nbserved in Fig. 8 on a vastly expanded scale possibly bv the precicion of
our measurempent Note should be taken nf the sharp structure at 0 3¢ - 0.38 eV, a broad peak at 0 4 e\
structure between 0 42 - 0 S eV, and the threshold at 0 S eV Similar strurtures are observed ir “‘e Same
spectral region for other undoped LEC Gals samples, but vith changes in the relative intensitles of the
various structures. The structures at 0 36 - 0 38 eV and "he threshnld at 0 S eV geem to he correlated.
indicating they are due to the same lavel. The structures at 0.36 - 0.38 eV are vervy simjlar to that vhich
1s observed four deliberately Fe doped In a number of semiconductors . '? and so can be 1dentified as an intra-
center transition of FeZ?® 1n GaAs. (Estimating the asgcillator strength for Fe, our sampies contain
~ 1016 Fe/cad 7 The threshold at 0.5 eV vhose i1ntensity scales with this intra-center transitiorn
corresponds to the transition from the valence band to the Fe levels. This 1s further substantiited bv the
fact that The position of this threshold moves with 3 temperature coefficient similar to the GaAs band gap
3 similar observation has been made from Hall measurements.!3 The resnnant-like band around 0.4 eV vith :ts
possible fine strucrture seems to be an intra-center transition. Photo-induced-transient spectroscopv
(P.1.T S ) electrical measurements made on the same samples as the optical measurements reveal levele at 0 4
and O B eV, the latter being due to EL2. A levei st 0 4 eV has beern repurted in semi-insulating GaAs bv a
number of measurements!® vhich was originally sscribed to oxvgen i1n O-doped GaAsx Recentlv a combination of
temperature-dependent Hall-effect measurements. spark-source mass gpectroscopv, and secondarv 1on ®ass
sSpectroscopy seasurements have indicated that neither oxvien nor anv other 1mpuritv can acrount for the 0 4
eV level and consequently it 18 probably due to s pure defect

Thermna!l annealing and quenching experiments on a range of LEC GaA~ samples revealed that some of these
levels are probabiv due to structure imperfections. !3 The subtle charges i1n these levels could read:ils be
followed by our wavelength modulatin technique.
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Surface abs - ‘10N

The sensitivity of our system enables us to study surface absorption. Although the primary aim of this
report 1s to demonstrate the power of infrared wavelength modulation spectroscopy as a characterization
techinique for bulk semiconductors, we shall shov some ecxamples of measurements on alkal: haolides® since
recently a great deal of material preparation studies have taken place to improve these maerials for light
guiding applirations. First vwe shall discuss an example of measurements nn KBr which reveal hat' surface
and bulh absorption. These clean alkali halides are potent1ally useful insulators 1ir MIC structures
Subgequent ly we describe some examples of surface absorption on semiconductor.

The absorption spectra of a typical KBr crystal obtained with a conventional double-beam spectrometer
are shown 1n Fig. 10. This crystal was grovn from material wvhich was selcectively ton filtered and reactive
gas treated for purification prior to crystal growth. As can be seen, virtually no absorption structure can
be seen above the noise level of the instrument, confirming the relative purity of the sample.

Figure 11a shows the integrated derivative spectra of the above KBr sample taken with the sample 1n the
laboratory atmosphere. The richness of the observed spectra should be noted in contrast to the fratureless
spectral shown in Fig. 10 for the same sample. The right-hand ordinate 1n Fig. 11 1ndicates the absorption
coefficient at 3.8 pym as inferred from a laser calorimeter measurement with a DF laser; the left-hand
ordinate indicates the relative change of absorption obtained by integrating the wvavelength modulation
derivative data. The depth of the modulation of the monochromator frequency used ta obtaln these Jdata was
10 cm™t. The zero of the &K cm™! wavelength modulstion result 1s registered with the absorption calibration
point of 0.4 x 1078 cm™! obtained by laser calorimetry. Therefore, to obtain the actual absorption
coefficient at a particular wvavelength, one merely adds or subtracts the appropriate Ak value at a given
frequency to the 0.4 = 1072 ca™! value. This type of representation of the data allows us to displav the
fine structure excursions 1n absorption above and belowv the calorimetric point. Successive runs on this
sample reveal that the structure shown in Fig. 11 1s reproducible within a mean deviation of Ak - 1076 rm™1.
Consequently, the noise level is at the lcvel of the width of the drafting lines. The data points were
taken at S cm™! frequency intervals. The sample thickness vas 4 cm.

When this sample is placed 1n & dry N_ stmosphere, a continuous change i1n the spectral distritut:ior cf
the absorption is observed until the spec@ra stabilize after the samplc has been 1n this gaseous ambient tor
an hour. The dominant features of the spectra of this sample when 1n the laboratory atmosphere dispiaved 1in
Fig. 11a are: a band near 2.5 ym with the fine structure, multiple structure hetween 3 to 4 ym with fine
structure, a sharp strong band at 4.2 ps, a band at S pm, and mutliple structures between 6 to 12 ya. The
data shovn in Fig. 11b are for this same sample in a drv N_ atmosphere. Although there 1s a distinr-t -hang
. in the spectra in Fig. 11b compared to Fig. 1ia, some of tge original prominent features can sti1ll he
: recognized. The sharp peak at 4.2 ym i3 greatly reduc»d, and the band at S ym 1s gone, while some of the
original structure between 5.8 and 12.0 ym 1s stil]l present; however, a vallev develops around 9 pm
Analvsis of the observed spectra has alloved us for the first time to identify volume and surface lapurityec
in highly pure KBr and other alkali halides.®

Using our infrared wvavelength modulation svstem, we have becn able to studv the growth of nature oxides
on freshly etched silicon surfaces. We can easily detect the 9 micron $i10 absorption band 1 a (0 A laver
of silicon vith a signal-to-noise ratlo of 100/1, indicating that we have the capabilities of studving the
growth of a fraction of a monolaver of adsorbed species. An example of thig band is shown in Fip 7
immediately after the silicon surface was etched with HF. Studies of oxides on GaAs and HgCdTe have erahlod

'J}»i us to study the formation of OH 1in oxides on GaAs as well as the presence of TeQ_ on HgldTe due *o varinne

% surface treatments. 2

:-' . Determination of strain in lavered semiconductors

~

2 F In the grovth of semiconductor lavers by various epitaxial techniques such as N.B.E., L. P E . and
f:__ C.Y.D.. and the doping of lavers by {on implantation and other techniques, an i(aportant technological
e problem 1s the asnessment of the homogeneity of doping, allov composition, and strain in the lavers We

have used our wavelength techniques to determine shifts in various critical points as a functicn of duping
and strain in several semiconductors.

One of the major fabrication processes used i1n the fabricate of n-tvpe channel FET's on semicnnduct ing
GaAs 1s the uti.:zation of 1on implantation. The assessment of defects subsequent to implantation and
annealing 1s of prime importance, especially so for shallow isplanted lavers ~ 1000 A. We have obscrved the
effects of ion implantation by the nondestructive methods of wvavelength modulation. Local strain was
observed by measuring the shift of the 1maginarv part of the dielectric function of GaAs in the neighbarhood
of the E; and Eq+8 critical point. Implants of Be, Sb. S, In, and double 1mplanted Sb and Be were studied
the 1mplanting fluxes were of the order of 10!'3/cm?, compared to 1on unimplanted GaAs. positive and
negative shifts of the energy of the critical point were observed., indicating that wve are able to
distinguish contraction or expansion of the lattice.

s o

s In eddition, we found that the intensity of ¢, the imaginary part of the dielectric function at the b A
;*; criticsl point decreased as a function of n-tvpe doping These results can be interpreted In terms of

: J?: screening of the hyperbolic exciton associated with this critical point
o
-
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Diffcrence wavelength modulation gpectroscopy of oxvgen in flnating-zone silicon

The use of infrared spectroscopy to 1dentifv relative amounts of oxygen in silicon 1s routine.!'”
Usually the concentration of dissolved oxygen 1s deduced from the infrared absorption at abour 9 um (1100
ce” ). The relationship between the intensity of this band and the dissolved oxygen has been demonstrated

reliatly 1n experiments by comparing the absorption in samples containing the oxygen isotopes O!% and
o118 17.18

It has been shown that this band 1s associsted vith interztitia) oxygen and i1s due to an infrared-act jve
antisymmetrric type of vibration of the S1,0 "molecule “'? This model has been questioned and it has been
suggestedZO that the oxygen 1n sili~rn 1s” in a lound state, forming finc second-phase S10, particles and
the absorption at 9 um 1s due to this oxvgen. Artempts have been made to exnplain the chanfes of optical and
clectrical properties of silicon after various heat treatments by the phase transitions of these second-
phase particles of Si0,.29 Other workers showed that absorption spectra of silicon samples around 9 pm with
relatively lowv oxygen concentration have a complex structure. They observed a peak at 1128 ce™ !, and
another peak at 1135 ca™!, and they attributed thesc peaks to dissolved oxvgen 1n the lattice and 1n the
second-phase Si10_ particles, respectivelv. Thev suggested that other clectrically inactive gtates of oxvgen
in silicon might "exist, and there maight be a threshold oxygen concentration which is necessary for any
significant formation of S\O: complexes to occur.

Rearlv all previous optical studier of oxvgen in silicon wvere performed on silicon samples grown bv the
Czochralsk: method, which presumably have oxygzen contents i1n the range of 1017-1018 gtoms/cm?. Practicallv
no 1nformation 1S avaivlable on the state of oxvgen 1n float-zone grown silicon. The reagon for this. ve
believe, is that float-zone grown silicon has lov oxvgen content (¢ 10'6 atoms/ca?!), and the detectiorn limit
2f conventional differential absorption methods 18 ~ 1 » 1016 atoms/cm3. Oxvgen conceutration in the range
of -~ 1016 atoms/rm3 rontributes ~ 0.5 ca™! to the absorption coeff{icient at ahbout 9 ym. In addition, the
intrinzic lattice band of silicon contributes ~ 0 8 rm™! to the absorption coeffi-tent at abougt 9 ym.  Thas
fact clearly indicates the difficulty of the study of the samples with low oxvgen content.

Ryt «e brlieve that the mechanism of oxygen cumplex formation and thermal donors can be understood
better 1f we -2t understand how the oxygen complex formation 18 1nitiated for low oxvgen cuntent In ths
spirit, we initiated the study of oxvgen in silicon with low oxygen content (¢ 1013 atoms/cmd) using an
infrared difference wavelength modulation technique. Several float-zone grown silicon samples were studied.
all Lith oxvgen rontent below the detection limit of convent,onal methods ~ {1 = 10'® atoms/cw3 Measurements
were made on different sections of the same ingot, that 1s, the seed-end and the tall-end of the dimensions
- 2 cm 1n diameter and 1 cm 1n thickness.

Our infrared wivelewgth wodulatiun technique?? was eaploved to studv the 9 ym absorptiun band of these
samples st room temperature. To eliminate the absorprion due to the intrinsic lattice vibration of 5ii4 0
nd surface effects, ve used » sample-in and sample-out procedure, which enables a comparisar of the
derivative of the absorption of a sample with a reference sample. With this procedure, the derivat ve
spectrim of the hifference of the absnrption betueen a sample and the reference crvstal 1s obhtained A
convent1onal spectrophotomerer run of the reference crvstal, which 1s a seed-end of another float-~zone
s1licnn, showed just a trace of oxvgen at 9 pm; that 1s. 8t 9 ym the oxvgen contributes apuriximatel: ~ !
‘m”! ty the absorption roefficient. From chis we can approximate the oxvgen content of reference criystal 'o
be ~ 1015 atoms/cwd. The detector used in this studv was PbSnTe at liquild nitrogen temperatur:

L

The integrated results of these derivative spectra nf the diffrrence for a series of samples are shaow,
1n Figs. 13, 14, 1S, and 16. The figures show the relative variations of absorption of samples with resne t
to the reference crysta)l. Therefore, the positive si1de of the abzorption of the sampic 1n the figures means
more absorption and negative side of the absorption means less absorption than the reference crvstal at the
sppropriste vavenumbers. In all the figures, the upper draving 18 the cxperimental recult of the gred-cnd
and the lover one 18 the result of the tail-end of the same 1ngot with respect to the reference crvstal wvith
- 1013 oxvgen atoms/cmd.

In this studv, it should be noted that since wve are taking the derivative of the diffcrence of
sbsorption at appropriaste frequencles between saample gnd the reference crystal, the shift or the Jdifferent
vidth of the bands of the crystals represent changes relative to the reference crvstal. (onsequentlv. 1t 1s
interesting to note that because of the sensitivity of the difference derivative technique (Ak ~ 1073 cm™!
the subtle spectra changes introduced bv various heat treatments can be studied bv comparing 1t with the
reference even though the change of spectral distribution ceused by heat treatmen: on the sampie by 1tselt
is difficult to determine!

In Fig 13. we note that a band emerges at 1123 ca”™! (8 9 ya' In the tatl-end (lover figure) It 18 not
clear exactlv vhat complex is responsible for this band We can clearly see @8 shoulider at 1108 cm™! -7 um
in the tail-end tlower figure) which sppears to be 5:_ 0  The results on tvo different ingots are showr
Figs. 14 and 1S and we can see about the same level abgnrption due to S1.0 at 1108 cm™! 1n both parts of
the same ingot However, we can ilmmediatelv note that the spectral distribiition chaiges even within the
same ingot depending on which part of the i1ngnt the samp:le 15 takern from This 15 not unreasonable 11 wr
consider the fact that the crystals are float-zone sampies and the gensitivity of our svstem
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As shown in all of the figures, at low oxygen content the infrared absorption msechanism in the 9 ym
region is complicated. This indicates the existence of oxygen in different energy states. This 1s
understandable if ve keep in mind the fact that, although oxygen is interstitial in the sense that it does
not occupy a lattice site, it can occupy slightly different positions of varying energy.23 During growth,
oxygen gtoms are randomly trapped in the stlicon lattice, and at room temperature thermal agitation permits
the oxygen atoms to occupy a number of slightly different configurations of varying energy.

In Fig. 16 the absorption is stronger than the previous samples; it appears that if the oxvgen content
exceeds a certain value ~ 1016 atoms/cm3, the absorption mechanism at 1108 cm™! dominates. This band at
1108 ca™! we attribute to the form of freely dissolved Si1,0 “quasimolecule.” 1In the above figure we can
also note a band at 1048 cm™! (9.5 yum) in both seed and tail-ends; this band might be related to still
another complex which can be formed if the oxygen content reaches a certain value (~ 1016 atoms/cm3).

In concluding, we summaerize our results:

1) Even though the use of float-zone silicon as an oxygen free reference is a common practice, our
results show the float-zone silicon also contains oxygen.

2) The state of oxygen in silicon is in the form of complexes.

3) If the oxygen concentration exceeds a certain value, the oxygen in 5120 "quasimolecule” starts
dominating the infrared absorption mechanism at about 9 um.

4) Different parts of the same ingot of float-zone grown silicon have different oxygen content which is
responsible for infrared absorption around 9 pym.

S) Our wavelength modulation system can detect the variation in the absorption coefficient of
~ 1076 ca”!. If wve approximate the scattering cross section of oxygen responsible for absorption at 9 ym to
be ~ 10718 cm?, we have the capability of detecting oxygen at levels of ~ 1012 atoms/cm3!

Summary

In this paper we have shown that infrared wvavelength modulation is a sensitive and versatile
spectroscopic characterization technique for a variety of semiconductor technology problems. In particular
the results of a study of deep levels in semi-insulating GaAs, surface layers in Si, GaAs, and HgCdTe,
oxygen complexes in floating-zone Si, as well as the determination of strain in ion implanted layers were
prescnted.
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Reexamination of the wavelength modulation photoresponse

spectroscopies
S. M. Eetemadi and R. Braunstein

Department of Physics. University of California. Los Angeles. California 90024
(Received 15 Apnil 1985; accepted for publication 29 July 1985)

Reexamination of the wavelength modulation photoresponse spectroscopies showed that the line
shapes obtained by these methods are subject to distortions from several sources of spurious
interference spectra. A comparison is made between the wavelength modulation absorption/
reflection and the wavelength modulation photoresponse spectroscopies; it is concluded that the
former are the most suitable modulation techniques for studies requiring unambiguous line

shapes.

1. INTRODUCTION

Optical modulation spectroscopy has been extensively
used in the past to study the optical absorption and reflection
of matenals.'~* Being a derivative technique in nature, it is
far more sensitive than conventional spectroscopic methods
for detecting small structures out of a broad background.
Various modulation parameters such as applied electric
field, stress, temperature, and wavelength of the probing
light beam have been combined with absorption and reflec-
tion spectroscopy to form a whole family of derivative spec-
troscopy techniques. More recently, other derivative tech-
niques combining the wavelength modulation and the
photoresponse (photoinduced changes in voltage,* capaci-
tance,’® and current®) spectroscopies have been introduced as
a new approach to the study of absorption in semiconduc-
tors.

In this paper we present a reexamination of the wave-
length modulation photoresponse spectroscopies in general.
Some of the limitations of these techniques, as well as the
necessary precautions in interpreting the experimental re-
suits, are discussed. A comparison is made between wave-
length modulation absorption/reflection and wavelength
modulation photoresponse spectroscopies.

For wavelength modulation photoresponse measure-
ments, samples are prepared in the form of a p-n junction,® a
metal-insulator semiconductor (MIS),* or a Schottky bar-
rier’ with semitransparent electrodes. The changes in the
photoresponse induced in the space-charge region, by wave-
length modulation of the incident light beam, are measured
using a phase-locked amplifier synchronous with the wave-
length modulator. The derivative photoresponse spectrum
thus obtained has been interpreted as being proportional to
the derivative of the absorption coefficient, and thus to the
derivative of the photoionization cross section.! In particu-
lar, for the transitions involving photoionization of the deep
levels, the derivative surface photovoltage (DSPV) is given
by?

de n, do

—=-VIA ——, (1)
Np,—N, di

dA

where V, is the surface photovoltage, / is the incident pho-
ton flux, n, is the concentration of the occupied traps being
probed, and N, — N, is the net doping concentration. The
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constant 4 depends on the thermal generation and recom-
bination of the traps, and o is the photoionization cross sec-
tion.

Wavelength modulation reflection and transmission
spectroscopies have a serious experimental difficulty be-
cause the spectra contain substantial spurious structures
originating from the denvative of the background spectra
which must be properly removed in order to obtain the true
spectra of the sample itself. The structures in the back-
ground spectrum are due to the spectral dependence of the
light source intensity, various optical components of the ex-
perimental system, and the atmospheric absorption, espe-
cially in the infrared region of the spectra. These structures
have been successfully removed by vanious ingenious meth-
ods of background derivative subtractions,’ including dou-
ble-beam single detector’ and single beam sample-in sample-
out techniques.! However, the question of the effect of the
background spectra on the derivative photoresponse results
has not been addressed in the previous theoretical and ex-
perimental works on this subject.

To investigate the possible effects of the background
spectra, a preliminary derivative surface photovoltage
(DSPV) experiment was conducted on a silicon sample pre-
pared in the form of a semitransparent MOS structure. and
the result was compared with the derivative of the incident
photon flux spectrum. Similarities between changes in the
structures observed in both spectra were taken as an indica-
tion of possible superposition of the derivative of the back-
ground spectra on the DSPV spectra, and prompted us to re-
examine the theory of the wavelength modulation surface
photovoltage spectroscopy.

The result of our investigation showed that the propor-
tionality relationship [Eq. (1)} between the DSPV and the
derivative of the absorption coefficient is not valid in general.
The DSPV spectra are rather a superposition of several
terms, which includes the derivative of the background spec-
tra, as well as the optical properties of the matenals which
are used to construct the MOS structure: these additional
terms are the various sources of distortions depending on the
spectrai region under investigation. The following discus-
sion is focused primanily on the wavelength modulation sur-
face photovoltage. The analysis, however, applies equally to
other modulation photoresponse spectroscopies, as well

¢ 1985 American Institute of Physics 3856
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Il. EXPERIMENTAL RESULTS

The derivative surface photovoltage measurements
were performed on n-type silicon (100) substrates utilizing
MOS structures. The experimental system used is described
elsewhere.® The MOS structures were made by evaporating a
400 A semitransparent gold electrode on an oxide layer
(1000 A thick) grown on silicon by a standard dry oxidation
technique.’

Typical sub-band-gap derivative surface photovoltage
spectra (dFV,/dE ) obtained at 83 K are shown in Figs. 1(a)
and 2(a). To obtain a good signal-to-noise ratio it was neces-
sary to keep the modulation amplitude and the spectral slit
width of the monochromator fairly large (A A /A ~107?
when using a Golay detector). The derivatives of the incident
photon spectra of a tungsten iodide source for the same in-
strument and spectral region with comparable amplitude of
modulation were obtained using a PbS detector. These are
shown for comparison in Figs. 1(b) and 2{b). With the sensi-
tivity of the PbS detector a much better resolution (A A /
A ~2%107%) is also possible, as shown in Fig. 3.

The dominant structure in Fig. 1{a) is due to the inter-
band transition near the indirect band gap of silicon with the
emission and absorption of phonons. It is similar to other
reported DSPV results.'® The smaller structures, below 1.15
eV, may in principle be associated with the multiphonon
absorption. However, they can also be considered to be a
manifestation of similar structures in the derivative of the
background spectra d/,/dE, shown in Fig. 1{b). Comparison
of Figs. 2(a} and 2(b) also suggests a strong correlation

—_
| s, n-type (a)
__" MOS
S T:83K
Zz |
pl
ml
[>
5 |
s,
Z
H 1 i 1 1 i
1.0 11 12 13

(b)

d1,/dE (ARB UNITS)

i 1 1 1 1 i i
1.0 L1 1.2 13
ENERGY (ev)
F1G. 1. (s} The denvative surface photovoltage spectra of silicon (7 = 83
K); (b) the derivation of the background spectra in the spectral range of 1.0-
1.35 eV; amplitude of modulstion (A4 /A } = 10~ 2,
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between the structures in the DSPV and the derivative of the
background spectra near 0.65 and 0.9 ¢V. In fact, signatures
of the derivative of the background spectra are quite com-
monly observed in the wavelength modulated spectra of the
reflected and transmitted light beam, as predicted by the
theory of the corresponding wavelength modulation spec-
troscopy. These can be corrected for by subtraction of the
experimentally determined background.” In contrast, the
theory of the DSPV, as formulated in Eq. (1), is not consis-

1
£ L
2 NN
© Wyl l
E o
wd
E
(-]
s
1 1 i ! 1 1
0.6 07 08 09
ENERGY (ev)

FIG. 3. Derivative of the background spectra tn the spectral range of 0 76—
1.0 eV using a tungsten source; amplitude of moduiation (AA /4|
=2x10"">
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tent with the above observation. In the next section we pres-
ent our analysis of the theory of the DSPV spectroscopy,
which shows that the DSPV spectra can contain signatures
of the denivative of the background spectra, as well as other
possible sources of distortions in the various regions of spec-
tra.

IIl. DERIVATIVE OF SURFACE PHOTOVOLTAGE (DSPV)

The theory of surface photovoltage has been treated by a
number of authors.'' For the purpose of this study, the
changes in the surface potential of a semiconductor, ¥, in-
duced by the light of intensity /, and wavelength A may be
written, for small signals (surface photovoltage < surface
potential), in the form'

VA1 =T A ad \Fd), (2)
where
F=F(Lya,T.E;7,,n,.D,;

xE,.n,.00,.0%.€..€,5)

F is a complicated function of diffusion length L, ab-
sorption coefficient @, temperature 7, Fermi energy £/, bulk
carner lifetime for electrons, holes, and concentrations r,,
n,,p,. respectively, deep levels energy E,, concentration n,,
phototonization cross sections g3, and o 4, for electrons
and holes, respectively, and their thermal emission rates e,
and ¢,, in the semiconductor, as well as the effective surface
recombination velocity S. The exact functional dependence
of F on these parameters is not needed for our discussion;
however, it is rather important to note its implicit wave-
length dependence througha(d } o7, (4 ), and ¢ £, (A ). T {4 } is
the actual photon flux entering the space-charge region of
the semiconductor. Quite often in the past, /(4 ), whichis the
incident photon flux illuminating the MOS structyre, has
been used instead of I (4 ); thus, ignoring the spectral depen-
dence of the transmittance through the metal and the insu-
lating layers of the structure, / (A4 ) and /{4 } are related by

HA)=I4A)T(A). (3)

In essence, the wavelength dependence of T'(4 ) is due to the
spectral dependence of the absorption coefficient of the light
in the metal and insulator layers, the reflection coefficients at
the interfaces, and the interference pattern due to the inter-
nal multiple reflections from the interfaces.

Combining Egs. {2} and (3) we have

V,=1A)T(A)ald )Fd), (4)
which forms the basis of our analysis of the wavelength mo-
dulation surface photovoltage.

If the wavelength of the incident light beam is modulat-
ed as

A=Ao+ AAcoswr, (5)

where A A and w are the amplitude and the frequency of
modulation, respectively, then the surface photovoltage
V,(A) becomes a periodic function of time, V,

{Ag + & A cos wt ). For small A A, the denvative of the modu-
lated surface photovoltage is given by

3858 J. Appl. Phys., Vol. 58, No. 10, 15 November 1985

dv, ) da(d ) L . . dl
T/i_z oA I THA \F (A Z/l -v—T(AlFM)aMtE—_:l
dT A
+ LA F A )aid | d/‘l‘
+huvuwurgﬁﬂ. (6)

It must be added that, in order to incorporate the response of
the system to a time varying incident light intensity, the
above equation must be multiplied by a frequency response
function G (w).'? However, since this factor is to first-order
independence of the wavelength, it is treated here as a con-
stant of proportionality.

Incontrast to Eq. (1), Eq. (6) shows that the DSPV signal
is not, in general, proportional to da/dA, and therefore its
various terms introduce different degrees of distortion which
depend on the relative size of their spectral changes in the
spectral region of interest. The most notorious source of the
distortion is the spectral changes of /(4 ), the background.
The distortion introduced by /, is present in all four terms of
Eq. (6), but its effect is most dramatic in the second term,
which contains dl,/dA. This term affects the DSPV spectra
in the near infrared region of spectra which corresponds to
the sub-band-gap transitions in some semiconductors (e.g.,
Si, GaAs), as well as in the ultraviolet region of the spectra
where the interband transitions occur.

1IV. DISCUSSION: COMPARISON OF WAVELENGTH
MODERATION PHOTORESPONSE AND WAVELENGTH
MODULATION ABSORPTION/REFLECTION
SPECTROSCOPIES

The structure in the spectra of the transmittance T'(4 )
and its derivative dT /dA are caused by the spectral changes
of the optical constants in the metal and the insulating lay-
ers, and the reflection coefficient of the semiconductor, as
well as the interference patterns generated because of the
interfaces. In the present MOS structure the optical proper-
ties of Au, SiO,, and Si have to be considered. These factors
are separately discussed below:

(a) The spectral changes of the reflectivity of gold R (4 ),
as well as its logarithmic derivative dR /dA occur in the 2.0—
5.0 eV region of the spectra and are primarily due to the d
band in Fermi-level transitions.'? Structure in the spectrum
of the derivative of its transmission coefficient in the 2.0-3.5
¢V region, have also been observed.

{b] The optical constants of the insulating layer (SiO,)
are fairly smooth in the 0.5-4.5 eV region of the spectrum, '
and therefore are not expected to influence the line shapes of
the interband transitions.

(c) The spectral changes caused by the interference pat-
tern depend on the thickness of the layers, their index of
refraction, and the spectral region of interest. Optical inter-
ference patterns have been studied for the MIS structures
with various thicknesses of Au and SiO, layers on silicon
substrates.'® The signatures of such interference patterns
have also been observed in the surface photovoltage spec-
tra."’

S M Esetermadi and R Braunsten 3858
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(d) Finally, the spectral changes in the R (A jand dR /dA
of the Si substrate contribute significantly to the spectra of
T A 1anddT /dA, and hencetothe DSFV spectra. The reflec-
tivity of Si and its logarithmic denvative obtained by the
wavelength modulation reflectance spectroscopy has been
rcponcd."'"’

It 1s therefore clear that the spectraof T(4 )and dT /dA
contain substantial structures that could significantly
change the line shapes of the absorption obtained from the
wavelength modulation surface photovoltage, as well as oth-
er forms of wavelength modulation photoresponse spectros-
copies.

In contrast to the wavelength modulation abscrption/
reflection spectroscopy, removal of the background ‘nterfer-
ences [,(4 jand dI/dA from the DSPV spectra is 1 ery diffi-
cult. To date, no systematic method for its subtraction has
been suggested. We suggest a technique utilizing a double-
beam system in combination with a reference optical detec-
tor and feedback loops to suppress the spectral changes of
IjA vand dly/dA.

For this purpose, the light beam from the exit slit of the
monochromator in DSPV spectrometer needs to be split by a
beamn splitter. Both beams can therefore be wavelength mod-
ulated at frequency w, One of the beams can be used to
illuminate the DSPV sample, while the other beam can be
chopped at frequency w, and then incident upon an optical
detector. The output of the detector is fed into two lock-in
amplifiers. One of the lock-1n amplifiers {I) is tuned to w, to
measure the light intensity, and the other one is tuned to w-
to measure df,/dA. Except for the beam splitter and the
DSPV sample, this 1s similar to the infrared wavelength mo-
dulation spectrometer described elsewhere.' The output of
the lock-in amplifier (I) can be used in a negative feedback
loop to regulate the power supply of the light source. This
arrangement will keep the light intensity constant as the
wavelength is scanned. The output of the lock-in amplifier
1I1i can be used in another negative feedback loop to regulate
an intensity modulator to keep d/,/dA equal to zero. The
intensity modulator can be placed anywhere in the light path
before the beam splitter. Its modulator frequency should be
the same as the wavelength modulator, and its amplitude can
be controlled by the negative feedback loop from the lock-in
amplifier (I1). One such intensity modulator has been used in
a wavelength modulation reflectance spectrometer for the
same purpose.'’ The two feedback loop systems eliminate
dI,/d/ and the spectral changes of the background /4 ) to
the extent that it is smooth in the spectra region of interest.
This is not possible in the absolute sense nor over the entire
region of the spectrum. However, what is needed in practice,
1s to have detectors whose spectral responsivity are flat and
smooth compared to the line shapes of the optical transitions
under investigation.

In comparing the wavelength modulation techniques,
the wavelength modulation absorption/reflection (WMA/
R) spectroscopy has several advantages over the wavelength
modulation photoresponse (WMPR). The WMA/R method

3859 J. Appl Phys., Voi 58 No 10, 15 November 1985

yields unambiguous hne shapes for the opucal transitions,
which are therefore easier to interpret. In WMA /R, the only
source of spunous signals 1s the background spectrum which
can be completely removed 1n a systematic way, independent
of the spectral responsivity of the detector. Finally, the
WMA/R is a nondestructive method which can be applied
directly to the bulk of the matenals. In contrast, the WMPR
measurements often require fabrication of devices in the
form of MIS., p-n junction, or Schottky barners which could
result in the introduction of process related impuntes or
defects into the samples, as well as the necessity of applying
corrections for the optical properties of the matenals used
for fabricating the structures.

V. CONCLUSIONS

We have shown that contrary to the previous assump-
tions, the DSPV in general is not proportional to the denva-
tive of the absorption coefficient. A general formulation of
the DSPV was derived which revealed the vanous possible
sources of spurious interference spectra. The effects of these
interferences on the line shapes of optical transitions were
studied. A practical method for removal of the main source
of the distortions, 1.e., the background. was suggested.
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Comparisons of the resistivities, carrier concentrations,
and mobilities obtained by modeling the full far-infrared re-
flectance spectra and by Hall-effect analyses are shown in
Figs. 2, 3, and 4. The resistivity values agree within a factor
of 2, while the carmier concentration and mobility data show
different systematic displacements at room temperature and
at 77 K, causing an increased data scatter. The use of more
accurate temperature-dependent values of effective mass is
expected to bring all of the far-infrared data to within a fac-
tor of 2 of Hall-effect values.

A simpler and faster method for determining the resistiv-
ity, carnier concentration, and mobility is to determine the
position and amplitude of the reflectivity minimum between
the free-carrier region and the HgTe-like vibrational mode.
This type of analysis has been reported for GaAs' and
CdTe.? The minimum occurs at the frequency w _, the lower
coupled plasmon—phonon mode. If the mobility yx is large,
this is given by

W = (o] +0))

— [} — o)) + 4} (1 —€_/e,) ]2, (5)

where w, is the dominant HgTe-like longitudinal optical lat-

tice frequency {w, = (¢,/€_)'"?w,} and €_ and ¢, are the

high-frequency and static dielectric constants, respectively.

Parametric curves relating the carrier concentration and

mobility to the frequency and reflectivity amplitude at the
minimum have been calculated. An example for a-type
HgCdTe with x = 0.2 at 77 K is shown in Fig. 5. Resistivi-
ties, carrier concentrations, and mobilities estimated in this
way are shown for room-temperature data in Figs. 2, 3, and
4. While good results are shown in the figures, the accuracy
of this reflectivity-minimum analysis is lower for p-type ma-
terial than for n-type. Furthermore, multilayer structures,
such as those having an n-type skin on a p-type base, or layers
with mixed conduction (as occurs in an intrinsic sample ), do
not exhibit a well-defined minimum. Other structures in the
reflectance data can also interfere with the determination of
the location of the minimum, as is shown in Fig. 1. When a
distinct minir.;um can be seen, the analysis is quick and rea-
sonably accurate.
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Illl. RAMAN SCATTERING

In Raman scattenng, the plasmon-phonon mode pro-
duces a peak instead of a minimum. As in the reflectance-
minimum analysis, the peak frequency can be used to deter-
mine w} and the free-carmer concentration.”* For HgCdTe,
the peaks have been found to occur in regions where other
Raman modes make the identification of the plasmon-
phonon mode difficult and make it insensitive to carrier con-
centrations below 10'® cm =’ Raman scattering is sensitive
to a surface layer ~100Adecp. This makes Raman spec-
troscopy potentially useful for measuring carrier concentra-
tions in ion-implanted materials, but it is too insensitive for
general epitaxial layer screening.

IV. EDDY-CURRENT ABSORPTION

In eddy—~current absorption, a wafer is placed between an
rf source and & pickup coil. The power loss due to eddy cur-
rents induced in the sample is proportional to the conductiv-
ity times the thickness of the layer.® Two commercial instru-
ments'? were tested, with simular results. Data in Fig. 6 show
a variation between eddy—current and current—voltage resis-
tivity values of a factor of approximately 3. In this case, the
current-voltage analysis was done on a small piece cleaved
off the edge of the wafer, while the eddy—current measure-
ments were done on the remaining wafer, which could have
caused some of the data scatter shown.

The eddy—current technique tests a large area, requiring a
minimum sample size of ~5/8 X 5/8 in. Both vendors sup-
ply a standard resistivity meter and a high-sensitivity meter.
The standard range is appropriate for bulk HgCdTe wafers,
while the high-sensitivity range is needed for thin epitaxial
layers. The technique does not have enough sensitivity to
indicate any absorption in CdTe semi-insulating substrate
matenial. The measurements are simple and take only a few
seconds to perform, but their accuracy for determining resis-
tivity is only within a factor of 3.
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Fi1G. 6 Resisivity measyred by eddy-current and current-voltage tech-
niques.
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FiG. 7. Electroreflectance signal strength as functon of free-camer concen-
traton io sample.

The parameter of more importance is usually carmier con-
centration. In Si, where mobilities can be accurately estimat-
ed for any given doping concentration, the resistivity mea-
surement can be used to give carrier concentration values by
means of the relation p = Neu. In HgCdTe, the error in re-
sistivity multiplied by the uncertainty in the mobility pro-
duces errors of over an order of magnitude in estimating
carrier concentrations. This makes the technique less impor-
tant for HgCdTe than it is for Si.

V. ELECTROREFLECTANCE

Electroreflectance involves immersing the sample in an
electrolyte so that an ac electric field can be applied to the
surface. The ac field modulates the reflectance, giving a nor-
malized reflectance spectrum at a singulanty in a band den-
sity of state represented by"’

Ry (E, — E, + T )]
where AR, = ac reflectance; R . reflectance; N = doping
density; ¥ = ac modulation voltage; E, = energy of the sin-
gularity; £, = incident light energy; n = 5 for the £, singu-
larity; @ = a phase factor; I' = a broadening factor; and Cis
a constant including the oscillator strength of the optical
transition.

Experimentally, the reflectance signal from a photomulti-
plier is divided and sent to an ac amplifier and to a dc amplifi-
er; the latter is used in a feedback loop on the photomulti-
plier power supply to keep R ,. constant. The ac amplifier
output is then proportional to AR /R ,. . The ratio removes
any amplitude fluctuation effects in the signal due to the
lamp or the optics. A computer is used to fit the observed
data to Eq. {6), witb the signal strength (gNVC), 6, E,, and
I being the fitting parameters. The signal strength is propor-
tional to the net doping density N and independent of the
phase 6 or the broadening I'.

Without standards, absolute values of NV are difficult to
obtain using this technique, as the voltage drops are difficult
to measure in the electrolyte, the surface layers, and the
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semiconductor For this study, the same sampies were used
for both Hall-eflect measurements and clectroreflectance
measurements at room temperature. Full-temperature Hall-
effect data are needed for p-type samples. since the net dop-
ing density 1s not given by single-temperature Hall-effect
data in the transition region from extninsic to intninsic con-
ductivity.

Data in Fig 7 show a good one-to-one relationship
between the free-carmer concentration as determined by the
Hall effect and the electroreflectance signal strength The
scatter in the data 1s within a factor of approximately 2 The
data include both n- and p-type samples, with x values
between x = 0.2 and x = 0.35 The low scatter 1n the data
umplies that the factor C in Eq. (6) 1s approximately con-
stant over this range 1n x.

The technique has been used in measurning relative free-
carner concentrations and in determinung electncal junction
locations in double-layer devices that have been either bevel-
etched or step-etched. Photoreflectance techmiques in which
light of above-band-gap energy 1s used to excite carners that
induce a surface field may allow the measurements to be
made without contacts and at low temperatures, as well. '

VI. CONCLUSIONS

Of the techniques studied, far-infrared reflection gives the
most complete and most accurate noncontact charactenza-
tion of electrical properties. It can be used to determine resis-
tivity, free-carmier concentration and mobility, and to map
these values over the area of a wafer to be processed. The
agreement of the far-infrared values and Hall-effect values s
within a factor of 2 for resistivity and within a factor of 3 for
carrier concentration and mobility. More accurate tempera-
ture-dependent effective mass values should bring the car-
nier concentration and mobility data to the same agreement
as is seen in the resistivity data. The data analysis using the
reflectivity minimum, while easier and faster than a full fit to
the data, at present does not work well for p-type or mixed-
conduction samples.

Interference of otiier effects with the plasmon-phonon
mode in Raman spectra makes this technique too inaccurate
for general use in screening material for carrier concentra:
tion values.

Commercially available eddy—current resistivity equip-
ment allows for the rapid measurement of this parameter fos
epitaxial HgCdTe layers, with the values agreeing within a
factor of 3 with current-voltage data. The technique is not
sensitive enough to screen semi-insulating CdTe substrates,
however,

Electroreflectance signal strength can be used to give rela-
tive doping density values at room temperature that are use-
ful in mapping wafer uniformity or in profiling bevel-etched
or step-etched samples.
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Wavelength modulation absorption spectroscopy of deep levels in
semi-insulating GaAs

S. M. Eetemadi and R. Braunstein
. Department of Physics. University of Califorrua. Las Angeles. Califormia 90024
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Infrared wavelength modulation absorption spectroscopy was used in the spectral region of 0.3
1.45 eV and the temperature range of 80-300 K. to study deep level impunties and defects in
undoped semi-insulating GaAs grown by the liquid encapsulated Czochralsk: techmique. The
measurements reveaied two resonant type peaks with fine structure near 0.37 and 0.40 ¢V, as well
as thresholds and plateaus at higher energies. The sensiivity of the measurements allows us to
give credence to changes in the absorption coefficient at levels ~ 10~ *cm ™. The absorption band
at 0.37 eV is interpreted as being due to the intra-center transition between levels of accidental
. tron impunty, split by the crystal field. The absorption band near 0.40 ¢V, can be annealed out by
. heat treatment, and is considered to belong to a muitilevel defect complex. Utilizing the photo-
- quenching behavior of the absorption in the spectral region of 0.6—1.4 eV, it was shown that
conventional room temperature optical 2bsorption may give erroneous results in measunng the

concentration of the EL2 levels, because of appreciable absorption due to other residual deep
levels in this spectral region, as revealed by the sensitivity of the wavelength modulation

technique.

1. INTRODUCTION

among the most favored techniques of studying impunty

4 Deep levels in semiconductors continue to be the subject  and defect levels at high level of concentrations.”'® These
of considerable theoretical'* and experimental*™ research measurements are done on bulk matenals, and therefore, are
: as our understanding of these levels is far from complete. free from high-electnc fields and process related impunty or
X The presence of deep levels in semiconductors at concentra- defects. Tte absorption coefficient along with its spectral
tions of 10"*/cm? or even less, can significantly affect the and temperature dependence can give information about the
carmer lifetime, mobility, and the rate of radiative transi- photoionization energy, excited states, temperature depen-
uons, and thus performance of microelectronic and opto- dence of the level, electron-phonon coupling, and the sym-
- electronic devices made from these matenals. The fascinat- metry of the localized wavefunction as well as their concen-
ing features of the physics of deep levels, coupled with great tration. However, conventional optical absorption
technological interest in this field has intensified searches for techniques usually suffer from poor sensitivity at low levels
sensitive experimental techniques for their detection and of concentration of the order of 10'°~10'® cm* usually en-
characterization at these low levels of concentrations. countered for deep levels. Consequently, considerations
The various space charge spectroscopy techniques (such have been given to optical denvative spectroscopies which
as TSC, DLTS, and DLOS/*® developed in recent years are  can measure absorption coefficients at levelsof 1010 10 *°
commonly employed electncal measurements todetectdeep  cm ™!
levels. With very good sensitivities, they can provide thermal Several modulation schemes have been developed in op-
activation energy, carrer capture cross section, and concen- tical denvative spectroscopy. Electro-modulation, piezo-
tration of deep levels (and optical cross section in some modulation, thermo-modulation, and wavelength modula-
cases). The main drawback of these techniques, however, is tion are examples of this technique, depending on whether
that measurements are carried out in space charge regions, the modulating parameter is the applied electnc field, strain,
i.e., in the presence of high-electric fields (~ 10°~10° V/cm), temperature, or the wavelength of the probing light
5 the effect of which on the emission rate is not thoroughly  beam.'?'> However, these techniques have primanly been
g understood.’ Furthermore, these measurements require fab- used to study the intrinsic optical properties of matenals.
rication of p-n junctions, of Schottky barners, or ohmic con- The techniques of extrinsic electro-absorption has been
¢ tacts which could result in the introduction of process relat- used in some cases 10 study deep levels in semiconductors. '
- ed impurities and or defects into the sample. In addition, the They have not, however, been extensively emploved, since
- above techniques employing essentially thermal processes they require high-resistivity matenal in order that sufficient-
::: usually do not yield excited states of levels. Photolumines- ly high-electnc fields can be applied to obtain adequate mod-
cence type experiments, although very sensitive for shallow ulation. In addition, the present knowledge of the effect of
w levels,”® have limited sensitivity in the case of deep levels due electnc fields on the properties of deep levels 1s not sufficient
' to appreciable phonon coupling, resulting in competition for a complete interpretation of the expenmental results.
betwsen different possible radiative and nonradiative mech- Wavelength modulation absorption spectroscopy, in
_: anisms. contrast, allows one to obtain the denivative spectrum by
- Extrinisic optical absorption spectroscopy has been modulating the wavelength of the probing hight beam, and
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thus has a straightforward relationship to the conventional
absorption measurements with improved sensitivity.'* The
difficulty in thus case ts the presence of spurious structures in
the spectrum due to background denivative spectra, which
poses a senous problem especially in the infrared region of
spectra. In the present work, the modulation of the wave-
length was obtained by oscillating the diagonal mitror before
the exut slit of a conventional monochromator. The transmit-
ted intensity through the sample and its derivative, as well as
the incident intenstty and its derivative, are measured using a
sample in—sample out technique; an on-line computer sys-
tem was employed for collecting data and numerically de-
correlating the spectral absorption of the sample from the
background.'® The implementation of this system is de-
scribed in detail in Sec. IL

Undoped semi-insulating GaAs substrates, grown by
liquid encapsulated Czochralski technique (LEC) are cur-
rently being used for the fabrication of high speed GaAs
devices. Deep levels play a crucial role in controlling the
carrier concentration and, hence, the resistivity of the sub-
strates. Therefore much attention has been focused on detec-
tion and characterization of the deep levels in this techno-
logically important material.

A detailed study of the derivative absorption of
GaAs:Cr has been reported '’ In the present study, we have
employed a modified wavelength modulation absorption
spectrometer to study the deep levels in semi-insulating
GaAs prepared by the LEC techniques. The spectr ymeter
was used in the spectral region of 0.3-1.45 eV and the tem-
perature range of 80-300 K, to study deep level impurities
and defects in undoped semi-insulating {SI} GaAs. The mea-
surements revealed two resonant type peaks with fine struc-
tures near 0.37 and 0.40 eV, as well as thresholds and pla-
teaus at higher energies. The sensitivity of our measurements
allows us to give credence to changes in the absorption coef-
ficient at levels ~ 1072 cm™". The absorption band at 0.37
¢V is interpreted as being due to the intra-center transition
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between levels of accidental iron impunity, split by the crvs-
tal field. The absorption band near 0.40 eV, annealed out as a
result of heat treatment, and therefore 1s considered to be-
long to a multilevel defect complex.

The spectrum between 0.6 and 1.45 eV was identified as
being due to a native defect commonly referred toas EL2 ™
Utilizing the unusual photo-quenching behavior' of this
level we were able to re-examine the accuracy of the conven
tional room temperature optical absorption, commonly used
in measuring the EL2 concentration, and showed that these
methods typically can have up to 20% error.

Il. EXPERIMENTAL TECHNIQUES

Our previously reported wavelength modulated
spectrometer'® has been modified (for the low temperatuse
operation) by adding to it a low temperature optical dewar
essential to this work. We have also improved the stabiii
reproducibility, and control of the modulating system. a.
well as the signal processing. The schematic diagram of the
system is shown in Fig. 1.

A liquid transfer refrigerator, with an optical win 1w
shroud and a sample holder suitable for the sample in sun
ple out technique, and a digital temperature .ndicator o -
troiler, were used for the low temperature operaticon Ao,
sten/halogen light source, and quartz windows were .o
for the spectral range of 0.55-1.50 ¢V For the -+ « - *°
region, a Globar light source and potassium Jhio- o a
dows were used. The detector throughout the \pe.ru <,
was a Golay cell.

The modulation of the wavelength was ac o
sinusoidal oscillation of a diagonal mirror (w g -
exit slit of the monochromator, and mountes
an optical scanner. The internal oscillat.sr
fier was used to dnve the scanner througr . .- e
dniver circuit. The new modulation «vien
vantages over the one previously empiv -
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K tunable (1-100 Hz), has high amplitude and frequency stabil-

ity, and allows large wavelength excursions. With the new
system, the amplitude of modulation can be controlled from
0.2 to 150 A precision. There was no wobbling, and no cross
talk with other mechanically vibrating components. These
features were desirable for reducing noise and drift, as well as
optimizing the modulation frequency compatible with the
detector response, and consistent with the chopper frequen-
cy to avoid harmonic or subharmonic pickup. It can also be
used to conveniently and very precisely calibrate the spectral
slit width, the depth of modulation, and to select these quan-
tities for optimum resolution, signal-to-noise ratio, and min-
imum distortion in the derivative signal, for a given spectral
region. A dc offset feature of this scanner also allows one to
set the monochromator calibration electrically rather than
mechanically. Data was taken at discrete energies with a

. resolution set by the slit width and depth of modulation, -

which for this work was 0.00075-0.0015 eV.
An on-line computer steps the sample, in and out of the
light beam, as well as, steps the wavelength, and collects data

in the form of a CAMAC system. The data taking cycle is
shown in Fig. 2. The method of data analysis is similar to
that previously employed.'® The wavelength modulation
technique yields essentially the energy derivative of the ab-
sorption coefficient. To obtain the value of the absorption
coefficient, one numerically integrates the observed deriva-
tive spectra, and normalizes it to the absorption coefficient
obtained by a direct loss measurement in the same apparatus
at fixed wavelengths where the absorption coefficient can be
measured with good precision.

The undoped semi-insulating GaAs samples used in this
work were cut from five different ingots, all grown in pyroly-
tic boron nitride crucibles, by the liquid encapsulated
Czochralski technique, with B,0, as the encapsulant. They
had resistivities greater than 10’ £2 cm, and Hall mobilities
of 4570-6319 cm?/V s. They were typically 3 mm thick and
the surfaces were polished with Br-methanol. The samples
were grown by the Hughes Research Laboratory, Malibu.

. RESULTS

. from the output of lock-in amplifiers at controllable rates for
additional signal averaging. These operations are conve-
niently done using a LSI-11/23 computer and its peripherals

I Stort ]

Figure 3 shows the absorption spectra of an undoped
semi-insulating GaAs at 300 K. The threshold near 1.4 eV.is
the onset of the interband transition, while the spectra
between 0.7 and 1.4 ¢V is the characteristic absorption of a
deep level due to a presumably native defect complex, com-
monly referred to as the EL2 level.'® The small structures

o ar e 2

RS

' between 0.3and 0.5 eV, and the threshold at 0.5 eV should be
:~:. Woit 1. sec. noted. In conventional absorption spectroscopy these small
e :l: variations would be buried in the systems noise, whereas
}_ ot Nodor (o1 T T — with our technique, variations as small as 10~> cm ™" have
> rom -in m s .
(s, o tervols o macc, ong c:vevoge tme significance. As the temperature is reduced to 160 K, we
T note the sharpening of the thresholds, and emergence of dis-
X : - tinct resonance type structures, shown in Fig. 4. The struc-
- llect N, dot from lock-in I ot ¢ i
::f Collec i.-,z'g?v&s(ei&m;:? g:: ;3,092 'me tures below 0.52 eV are shown in Fig. § on a vastly expanded
O scale made possible by the precision of our measuremeiit.
N [step sample in the beam| Upon lowering the temperature to 80 K the structures shar-
x 4 pen further, and some finer ones appear, as seen in Fig. 6.
) Note should be taken of the sharp structure at 0.36~0.38 eV,
o
ey Collect N, data (I} from lock-in I at time
i infervols t, msec. ond averoge
oy !
' Collect N, dota (AI) from lock-in II ot time 4’» .
bt intervals 1, msec. and average _ | SI-GoAs-(LEC)
. z Sample: #1
- 2 | T:300K
o [ Type the resuit: 15, Al I,Al and /1, | = 3
R
~ | Step waveiength | g
" .‘ 2.
[Step sample out of the beam | g
L) &
i
-:;- g lidg
s
" 1 i n " i i n o n i
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_. ENERGY fev)
}'7- DATA TAKING CYCLE _
‘ FIG. 3. Absorption spectra of sample | SI GaAs (LEC); T = 300 K, spectral
f;: FIG. 2. Block diagram of the data taking cycle. range: 0.3-1.5 ¢V.
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FIG. 4. Absorption spectra of sample 1 SI GaAs (LEC); T = 160 K, spectral
range: 0.3-1.5¢eV.

abroad peak at 0.4 eV with side lobes, and the threshold near
0.5 eV. Figures 7-10 show the observed structures in the
same spectral region and temperature for other undoped
GaAs samples. It should be noted that the general shape of
the resonant structure at 0.36-0.38 eV remains unchanged
as its intensity varies from Figs. 6-9. In contrast, the broad
peak at 0.4 eV changes its intensity as well as the details of its
shape. No distinct pattern was observed in the structures at
0.43-0.47 ¢V. Figure 11 shows the spectra of the sample after
the sample had been annealed in a N, atmosphere at 450 °C
for 4 h. the difference between this and Fig. 6 should be
noted. The peak at 0.4 eV has been annealed out as 2 result of
heat treatment.

When the temperature was lowered to below 140K, and
the sample was illuminated with a 50-W tungsten halogen
lamp, the structures between 0.7 and 1.3 ¢V quenched (see
Fig. 12) and remained in the quenched state for several hours
even after the background illumination had been turned off.
The magnitude and the details of the shape of the post-

0.4[- S1-GoAs (LEC)
Sampie: #1
T= 160K

ABSORPTION COEFFICIENT (CMY
g

0 A A A i 1 A A A " 1 N

03 04 05
ENERGY (o)

F1G. 5. Absorption spectra of sample | S1 GaAs (LEC); T = 160K, spectral
range: 0.3-0.52 eV.
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FIG. 6. Absorption spectra of sample 1 SI GaAs (LEC); T = 80 K, spectral
range: 0.3-0.52 eV.

quenched spectra varied from sample to sample. Its magni-
tude at 1.2 eV was 10~20% of the total room temperature
absorption coefficient at the same energy.

V. DISCUSSION

The above results are discussed in the following subsec-
tions. In Sec. IV A the resonant spectra at 0.37 is discussed
and attributed to accidental iron impurities. Section IV B is
devoted to the comparison of the spectra at 0.4 ¢V among the
various samples, as well as its behavior under heat treatment,
and is considered to be the signature of a multilevel defect
complex. The results of our observation in the spectral range
of 0.7-1.4 eV are discussed in Sec. IV C.

A. iron in undoped GaAs

In the spectra below 0.55 eV, the sharp peak at 0.37 eV
can be attributed to the presence of iron in these materials; a

similar absorption peak has been reported in GaAs sub-

04 SI-GaAs(LEC)
= Somple: #2
2 T-80K
= a3
b
b
&
8
L= 02
=
e
g [P1] o
-
0 A i i A S 1 D § . 1
03 04 05

ENERGY  (ev)

FIG. 7. Absorption spectra of sample 2 SI GaAs (LEC); T = 80 K, spectral
range: 0.3-0.52 eV.
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FIG. 8. Absorption spectra of sample 3 SI GaAs (LEC); T = 30 K, spectral
range: 0.3-0.52 eV.

strates intentionally doped with iron.'® Sharp zero-phonon
photoluminescence lines near 0.37 eV has also been seen in
iron doped GaAs materials.?® Similar structures in absorp-
tion and photoluminescence have also been observed for iron
in other III-V compounds as well.'®?° Paramagnetic reso-
nance experiments have shown that iron is incorporated sub-
stitutionally in the Ga sublattice, and acts as a deep accep-
tor.?! At the Ga site, Fe loses three electrons to the bonds,
becoming Fe’* in a 3d * configuration, and when an electron
is trapped, a Fe?* in a 3d ® configuration is created.

The energy levels of Fe?* in 3d ® configuration derived
on the basis of the crystal field theory up to the second-order
term in the spin-orbit correction have been reported in the
literature.?? At a site of tetrahedral symmetry (T, ), the low-
est free ion term, 3D, of Fe?* (3d %), is split by the crystal field
into a ground state doublet ’E and T, excited state.
Allowance for the spin-orbit coupling lifts the degeneracy of
the 3T, level and in the second-order approximation it lifts
also the degeneracy of the °E levels, as shown in Fig. 13. The

SI-GoAs{LEC)
Somple: #4
T=80K

-Y. 4

Qa6+

ABSORPTION COEFFICIENT (CM'™Y

ae

o2r

N 1
%3 04 05
ENERGY (eV)

F1G. 9. Absorption spectra of sample 4 SI GaAs (LEC); T = 80 K, spectral
range: 0.3-0.52 eV.
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FIG. 10. Absorption spectra of sample 5 SI GaAs (LEC); T = 80 K, spectral
range: 0.3-0.52 eV.

absorption and luminescence peaks mentioned above are
dueto the internal transitions between *E and *T, multiplets.

The central peak at 0.37 ¢V in Figs. 5-9 can be attribut-
ed to the zero-phonon transition from the lowest *E multi-
plet to the lowest level of *T, multiplet. The structure ap-
pearing as a weak shoulder on the low energy side of the line
and about less than 2 meV away from the main peak can also
be attributed to a zero-phonon transition from the second
lowest level of °E to lowest level of *T,. This transition has
been reported as well resolved into a separate peak when the
measurement is done at about liquid Helium temperature. '
From the position of the main two zero-phonon lines, and
Fig. 13, we obtain a value of 4 ~ 3000 cm ~' for the crystal
field energy, in agreement with the reported values of 4 in
the I1I-V compounds.’ The other side structures are harder
to interpret, partly because it is difficult to distinguish
between vibronic and electronic levels. As for the Jahn-Tell-
er distortion, its effect on the *E states is not pronounced but
it alters the splitting of 3T, levels.?* Such changes would be

04F  SI-GaAs(LEC)

-~ Sample: #1 Annealed

2 T = 80K

T o3+
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03 04 0.5

ENERGY (ev)

FIG. 11. The post-annealed absorption spectra of sample | S| GaAs (LEC);
T = 80 K, spectral range: 0.3-0.52 ¢V.
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SR because of accumulation of iron in the near surface region at
" 4 SI-Goas(LEC) concentrations of 10'’-10'* cm™2.2¢ Therefore it is signifi-

e o | 3ok #1 Post-Tium. cant that we have been able to detect Fe at levels of 10*  ~
Wy g cm >, It should also be noted that in the absence of absorp-

At s ¥ tion bands due to other residual deep levels—interfering

4 8 with the iron absorption spectra—the sensitivity of our pres- -
'::f & ent measurement would aliow detection of iron at an order of
) R magnitude below the above concentration level.

bt g The threshold near 0.5 eV whose intensity scales with

Ul § the intra-center transition at 0.37 eV can be identified with a
& ; 8T transition from the valence band to the lower multiplet of

ot Fe?*. This is further substantiated by the fact that the posi-

it o L’V'f ; tion of this threshold moves with a temperature coefficient of

i —_—— (5.0 + 0.5) « 10~*eV/K, which is similar to the temperature

e ENERGY (ev) coefficient of the GaAs band gap; & similar observation has

ROt been made from Hall measurements.2* A deep acceptor level

al F1G. llr T':)ww m pectr of sample | SI GaAs gt about 0.5 eV from the valence band, due to iron impurity

i (LEC), T'= 80K, spectral range: 0.3-0.52 ¢V. has also been reported by several investigators. 26’

:":‘.:. One might also expect to observe thresholds at higher

energies due to the photoionization of electrons from Fe?*

observable in transitions involving higher energy levels of  levels to the conduction band. Figures 3 and 4 show absorp-

o5 3T,. Unfortunately, these transitions cannot be seen in our

data, because they have much smaller oscillator
strengths'®® and therefore are buried under the structures
due to other residual impurities or defects.

A detailed analysis of iron levels is not the main concern
of this work. For that, one would have to study these levels in

tion threshoids in the range of 0.7 to 1.4 ¢V. However, in Sec.
IV Cit will be shown that these thresholds bear no relation to
the presence of iron. They are rather attributed to another
level commonly referred to as EL2,'® which is believed to
originate from a native defect sample. The absorption spec-
tra due to EL2 can be quenched out at 80 K if the sample is

S substrates doped with iron at concentrations much sbove  illuminated by band gap light (see Sec. IV C). The remaining
O that of the residual impurities and defects. Our aim in this  spectra shown in Fig. 12 does not contain any strong pho-
e work was rather to make a broad survey of deep levelsin the  toionization threshold. We therefore conclude that the mag-
o2 undoped SI GaAs substrates. To our knowledge this is the  nitude of the photoionization cross section for electronic
oy first observation of the distinct iron signature in the bulk of  transition from the Fe?* levels to the conduction band is
as-grown undoped semi-insulating GaAs by optical absorp-  very small. It can be argued that since the site symmetry of
;ﬁ‘ tion or emission techniques. Estimating the value of the 0s-  iron is tetrahedral, transitions from d-orbitals to conduction
Y ‘3 cillator strength, the lowest detected concentration of Fe’*  band s-like orbitals may be strongly prohibited by the selec-
) was $X 10'* cm~? in our work. Although Fe’* in GaAs tion rules.
‘ﬁ' does have a distinct photoluminescence signature at 0.37 eV,
KN to our knowledge no such emission band has been reported B, Multilevel defect complex
]-),.l :ou:;::zo‘z:’;::o &zmmmwh:moy;% Another domi'mm't absorption band common to all th.e
'\ substrates we studied is the resonant spectra whose peak is
k] near 0.4 eV, with a peak absorption coefficient typically be-
o low 0.4 cm !, a half width of about 30 meV, and usually with
" two side lobes. Being a peak rather tha- . "'reshold it can be
gt ~ Fein GoAs interpreted as being due to an electror - transition between
_— levels associated with the same center. 1 ne peak magnitude,
:.\3' 8 and the detail shape of this structure as well as its sidebands
by varied from sample to sample as seen from Figs. 5-10, indi-
b, cating that it is not associated with a simple muitilevel impu-
Ci no__ 1 rity. It is more likely that this structure is due to a complex
DO Jur ' & ' defect formed during the crystal growth or in the cooling
- X/ T ! period following the growth, whose exact structure is sensi-
gy ‘\\ e ———— , tively dependent upon the thermal history of the sample. To
: by . S |- — explore the possible origin of this level, sample | was
. :'.\ W _ ____! cleaned, etched and annealed in a nitrogen atmosphere for 4
A h, at a temperature of 450 °C. In contrast to the spectra of
Yo ve sample 1 shown in Fig. 6, the post-annealed spectra, shown
I VI in Fig. 11, indicated that the spectra at 0.4 eV has been an-
Y nealed out. We thus conclude that (i) the structure is a defect
; " FIG. 13. Energy level scheme of the *D level of Fe?* (3d %) in GaAs. or defect complex; (ii) this defect introduces two main levels
. U
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into the gap separated by 0.4 eV; (iii) these levels may split
into more levels depending on the exact nature of the defect’s
immediate surrounding or additional complexing. These ad-
ditional complexes could vary from sample to sample if they
do not have identical thermal history. This would account
for variations of the fine structures of the spectra among the
samples. To our knowledge this is the first observation of this
multilevel defect in semi-insulating GaAs by optical tech-
niques. A possibly related level has been observed by the
photo-induced transient spectroscopy (P.1.T.S.) in these
samples.?* However, an exact correlation between the levels
observed by the wavelength modulation absorption and the
level detected by P.1. T S. must take into account the fact that
the latter essentially yields information on the thermal emis-
sion from the level to the band, whereas the former gives
information about the intra-center transitions.

C.The EL2in Sl GaAs

The absorption spectra in the 0.6-1.4 ¢V shown in Figs.
3 and 4, are due to a deep level known as the EL2 which is
associated with a native defect.’® This defect is responsible
for producing undoped semi-insulating GaAs by compen-
sating the shallow impurities.?**° The exact origin and mi-
croscopic structure of this defect is still subject to consider-
- able debate. Many of the investigations on this defect have
involved studies of the correlation between the distribution
pattern across the wafer, of the EL2 concentration, disloca-
tion density, resistivity, as well as their relation to the stoi-
chiometry of the melt, and conditons of the crystal
growth.?!2 Central to many of these studies is the precise
measurement of the EL2 concentration and its distribution.
Optical absorption spectroscopy, at room temperature, has
commonly been used for this purpose, since it provides a
convenient and nondestructive way of measuring the local
concentration of the EL2 with good spatial resolution.” In
this method the value of the absorption coefficient at about
1.2 eV is taken to be & measure of the EL2 concentration.
However, we have shown that the presence of other residual
deep levels, even at low concentrations, may give rise to ap-
preciable absorption spectra in the neighborhood of the EL2
spectra.’® Hence the apparent near-infrared absorption
spectrs cannot be a priori attributed to the EL2 leveis alone.

The EL2 level has been shown to exhibit unusual prop-
erties, among them, the quenching of pbotoluminescence,**
photocapacitance, and optical absorption,'® at low tem-
perature (7€ 140 K). In particular, the near-infrared absorp-
tion spectra due to EL2 quenches out at low temperature
after the sample is illuminated with light of 0.9<hv< 1.35 eV
and remains in the quenched state for many hours, even afier
the background illumination has been turned off. The sensi-
tivity of the wavelength modulation absorption spectrosco-
py together with the photo-quenching behavior of the EL2
allowed us to separate the EL2 spectrs in the total absorp-
tion spectra and to observe the sbeorption spectra due to all
other residual deep levels. Figure 12 shows the absorption
due to all the deep Jevels other than the EL2 in the spectral
region of 0.3-1.5 eV. The spectra of another GaAs sample in
the spectral region of 0.5-1.5 eV is also shown in Fig. 14, in
which the solid curve is the room temperature spectrs and
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absorption spectra after photoquenching at 80 K (dotted curve) of sample 2
SI GaAs (LEC).

the dotted curve is the post-quenched spectra ( at 30 K) due
to residual absorption. As is seen from these figures, the
post-quenched spectra do not exhibit any strong threshold
associated with the photoionization of electrons from the
iron impurity levels. In surveying several samples of un-
doped semi-insulating GaAs we found that in a typical sam-
ple, up to 20% of the room temperature optical absorption
eodli;:’ient may be due to residual deep levels other than the
EL2.

Therefore, in cases where the EL2 concentration and
distribution must be measured with better than 10% accura-
¢y.*? room temperature optical absorption is not adequate.
In such cases, the use of infrared wavelength modulation
absorption in conjunction with photoquenching®’ represent
a more accurate method of measuring the EL2 concentra-
tion.

V. CONCLUSIONS

In summary, wavelength modulation absorption was
used to investigate the deep levels in semi-insulating un-
doped GaAs grown by the liquid encapsulated technique
which is currently of high technological interest. Extensive
low temperature measurements permitted observation of
structures with fine details in the spectra of the SI GaAs at
0.37 and 0.4 eV. The structures near 0.37 eV were identified
a8 intrs-center transitions between the levels of accidental
iron impurities incorporated in the Ga sublattice. To our
knowledge this was the first observation of the iron absorp-
tion spectra in the semi-insulating GaAs at such Jow levels of
concentration. The structure at 0.4 eV was considered as
being due to an intra-center transition associated with a
growth related multilevel defect complex. The fine details of
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this structure were found to be sensitive to the thermal his-
tory of the sumple, and the whole structure was annealed out
at about 450 °C. Such a level and its characteristics have not
been previously reported.

Measurements at liquid nitrogen temperature also al-
lowed us to utilize the photoquenching behavior of the ab-
sorption bands in the spectral region of 0.7-1.45 eV to assess
the accuracy of the conventional room temperature optical
absorption spectroscopies in measuring the deep level con-
centrations. It was demonstrated that the nonselectivity of
such measurements may give erroneous results in measuring
the concentration of specific deep levels, because of appre-
ciable absorption due to the collective contribution of other
residual deep levels. This result holds special significance in
the current investigations on the origin of the nonuniform
distribution of the main electron trap, the EL2 level, in un-

doped GaAs.
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Noncontact electrical characterization of epiiaxlal HgCdTe®

: C.E. Jones, M. E. Boyd, and W. H. Konkel
Santa Barbara Research Center, Goleta, California 93117

e S. Perkowitz
::‘q:: : Physics Departmens, Emory University, Atlanta, Georgia 30322
.Y
R R. Braunstein
Physics Department, University of California, Los Angeles, California 90024
"" (Received 15 December 1985; accepted 14 March 1986)
‘?ﬁ It is important to be able to nondestructively characterize (“‘screen™) the electrical properties of
:;‘,:s those areas of HgCdTe epitaxial material that will later be made into devices. This paper
A compares several noncontact techniques for measuring resistivity, carrier concentration, and

mobility with the standard Hall-effect technique. The noncontact techniques examined are far-
infrared reflection, Raman scattering, eddy—current absorption, and electroreflectance. Of these
techniques, far-infrared reflection was found to be the best noncontact technique for measuring

t‘.. [)

:,3‘.: resistivity, carrier concentration, and mobility. Resistivity values were within a factor of 2 of Hall-
"'1*,:: effect values, while carrier concentration and mobility values that depend on an assumed effective
E'f:e' mass were within a factor of 3. In Raman scattering, interference between the free-carrier

plasmon—phonon mode and other modes makes it an inaccurate method for estimating carrier
concentration. Eddy—current absorption is useful for quickly measuring epitaxial layer

I resistivities to within a factor of 3 of Hall-effect values, while electroreflectance gives a relative
a;:: < value for the surface doping density, which is useful in layer profiling.
\ .
“:': 4
g
R
:_'; \ L INTRODUCTION analysis and to compare techniques that measure the same
A3 - : . ; electrical parameters. :
e It is important to know the electrical properties of HgCdTe
e starting material before it is processed into devices. The stan- Several of these techniques involve reflected light: i.c., far-
b dard techniques for doing this, Hall-effect and capacitance- :nf‘:d 1?‘“':;" R‘::lﬂf scattering, m: elmafeiec/-
voltage temn;. involve npplymg_ contacts to.md processing p % ; ] ind:rrsel orth‘t?d * cony ucttor: " :1
i';‘.; : ; ": '::Gmi’lm mtm.:t?:lm o:::lf cal conductx:l:;. ::d the sqza: root;;q tl‘:::':eqm:e:cy (e)::er.
: production not i materi -
. used for device processing. of-magnitude values are ~ 100 A for the visible region exci-
?\ { This paper describes the use of far-infrared reflection, Ra- tations used in Raman and electroreflectance and
{3%‘ man spectroscopy, and eddy—current absorption to provide ~ Micrometers for th:nif“’ -infrared reflection. The eddy—cur-
- noncontact electrical characterization of epitaxial HgCdTe ~ Tentabsorption technique averagesover the total layer thick-
.y so that the characterized material can still be used for device ~ €38
WhON processing. Electroreflectance data for carrier concentration
ot is also presented, since this technique requires ony a single '+ FAR-INFRARED REFLECTION
'.::S edge contact. These techniques are all nondestructive and, Free-carrier absorption in a semiconductor is proportion-
'ff.g except for eddy—current absorption, allow mapping of elec-  al to (wavelength),? and in the far infrared it becomes strong
enough to be used to determine the resistivity, free-carrier

L trical parameters over the area of the starting material.

Far-infrared reflection has been used to estimate resistiv-
ity, carrier concentration, and mobility in GaAs,' CdTe,?
and PbSnTe.® The method is described in a review article,*
and initial data for HgCdTe has been reported by one of the
present authors.® Eddy-current absorption is a standard

noncontact technique used in the Si industry for measuring .

resistivity in wafers.® In the Raman technique, a coupled
plasmon-phonon mode is excited in the surface region

(~100 A in depth). The mode frequency can be used to
determme the surface-region free-carrier concentration.’®
In the electroreflectance technique, the signal strength is
proportional to the surface-region doping density. Surface
mapping of doping densities has been demonstrated for
GaAs.® The issues in the present work are to determine the
usefulness of these techniques for HgCdTe epitaxial layer

2008 J. Vac. Scl Technol. A 4 (4), Jul/Aug 1908  0734-2101/88/042058-05801.00

concentration, and mobility. The far-infrared spectra were
taken at 300 and 77 K using a Fourier-transform spectrom-
eter covering the range from 10 to 250 cm~'. The samples
were both n- and p-type epitaxial layers of Hg, _,Cd, Te
with doping concentrations ranging from 10'* to 10'® cm =3
and compositions in the range x = 0.2 to 0.4. The samples
were ~0.5 X 0.5 cm and were used for both the van der Pauw
Hall-effect measurements and the far-infrared reflectance
measurements.

Typical data are shown in Fig. 1, in which the dots are the
measured data points and the solid line is a modeled fit to the
data. The least-squares fit to the reflectance comes from a
model for the complex index of refraction 7 that includes the
free-carrier contribution, the lattice vibrational modes, and
defect vibrational modes. These are identified in Fig. 1. The

© 1908 American Vacuum Society 2088
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1. EXPERIMENTAL RESULTS

The derivative surface photovoltage measurements
were performed on n-type silicon (100) substrates utilizing
MOS structures. The experimental system used is described
elsewhere.® The MOS structures were made by evaporating a
400 A semitransparent gold electrode on an oxide layer
ﬂOﬂL&d%ﬂﬂpownonﬁmwnbyanmuhnhhymmhﬁm:

Typical sub-band-gap derivative surface photovoltage
spectra (dV,/dE ) obtained at 83 K are shown in Figs. 1(a)
and 2(a). To obtain a good signal-to-noise ratio it was neces-
sary to keep the modulation amplitude and the spectral slit
width of the monochromator fairly large (A A /4 ~10"2
when using a Golay detector). The derivatives of the incident
photon spectra of a tungsten iodide source for the same in-
strument and spectral region with comparable amplitude of
modulation were obtained using a PbS detector. These are
shown for comparison in Figs. 1(b) and 2(b). With the sensi-
tivity of the PbS detector a much better resolution (A A /
A ~2X%1073) is also possible, as shown in Fig. 3.

The dominant structure in Fig. 1(a) is due to the inter-
band transition near the indirect band gap of silicon with the
emission and absorption of phonons. It is similar to other
reported DSPYV results. ' The smaller structures, below 1.15
¢V, may in principle be associated with the multiphonon
absorption. However, they can also be considered to be a
manifestation of similar structures in the derivative of the

background spectra d/,/dE, shown in Fig. 1{b). Comparison

of Figs. 2(a) and 2(b) also suggests a strong correlation

Si; n-type ' (a)
1 wmos
2| T-83k
3
o
<
€
g
1 i 1 i L L i
1.0 1.1 1.2 1.3
{b)
2
5
g
g
1 A —d. A 1 I 1
10 18] 1.2 1.3
ENERGY (ev)

FIG. 1. (a) The derivative surface photovoltage spectrs of silicon (7' = 83
K} (b} the derivation of the background spectra in the spectral range of 1.0-
1.35 eV; amplitude of modulation (A4 /4 ) = 10~2.
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" of the derivative of the background spectra are quite com-

(a) Si; n-type
MOS
T=83K

dV, /dE (ARB. UNITS)

06 07 08 09

(b)

d1,/6E (ARB. UNITS)

1 1 1 i ) n 1

06 07 08 09
ENERGY (ev)
FIG. 2. (a) The derivative surface photovoltage spectra of silicon (T = 83

K); (b) the derivative of the background spectra in the spectral range of 0.6~
1.0 eV; amplitude of modulation (A4 /4 ) = 10~2.

between the structures in the DSPV and the derivative of the
background spectra near 0.65 and 0.9 V. In fact, signatures

monly observed in the wavelength modulated spectra of the
reflected and transmitted light beam, as predicted by the
theory of the corresponding wavelength modulation spec-
troscopy. These can be corrected for by subtraction of the
experimentally determined background.” In contrast, the
theory of the DSPV, as formulated in Eq. (1), is not consis-

d1o/0E (ARB. UNITS)

1 1 1 1 1 1 -l
0.6 07 o8 0.9

ENERGY (ev)
FIG. 3. Derivative of the background spectra in the spectral range of 0.76-
1.0 eV m’ing a tungsten source; amplitude of modulation (A4 /1)
=2x107.
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tent with the above observation. In the next section we pres-
ent our analysis of the theory of the DSPV spectroscopy,
which shows that the DSPV spectra can contain signatures
of the derivative of the background spectra, as well as other
possible sources of distortions in the various regions of spec-
tra.

. DERIVATIVE OF SURFACE PHOTOVOLTAGE (DSPV)

The theory of surface photovoltage has been treated by a
number of authors.!’ For the purpose of this study, the
changes in the surface potential of a semiconductor, V,, in-
duced by the light of intensity /, and wavelength 4 may be
written, for small signals (surface photovoltage < surface
potential), in the form"

V.R)=IRald)FQR) 2)

where
F=F({Loa,T.E;7, Ry Ps;

XE, 1,00 /0 5016185 ).

F is a complicated function of diffusion Iength L, ab-
sorption coefficient a, temperature T, Fermi energy £, bulk
carrier lifetime for electrons, holes, and concentrations 7,,
n,, P, respectively, deep levels energy E,, concentration n,,
photoionization cross sections o3,, and o}, for electrons
and holes, respectively, and their thermal emission rates e,
and e,, in the semiconductor, as well as the effective surface

recombination velocity S. The exact functional dependence .

of F on these parameters is not needed for our discussion;
however, it is rather important to note its implicit wave-
length dependence throughaid ) 05,4 ), and o 5, (4 ). T4 ) is
the actual photon flux entering the space-charge region of
the semiconductor. Quite often in the past, I {4 ), which is the
incident photon flux illuminating the MOS structure, has
been used instead of / (4 ); thus, ignoring the spectral depen-
dence of the transmittance through the metal and the insu-
lating layers of the structure, J (1 ) and Jj(4 ) are related by

I4) =144 )TR). 3)
In essence, the wavelength dependence of T(4 ) is due to the
spectral dependence of the absorption coefficient of the light
in the metal and insulator layers, the reflection coefficients at
the interfaces, and the interference pattern due to the inter-
nal multiple reflections from the interfaces.

Combining Egs. (2) and (3) we have

V,=IA)TRaR FQR), “
which forms the basis of our analysis of the wavelength mo-
dulation surface photovoltage.

If the wavelength of the incident light beam is modulat-
ed as

A=Ay 4+ AAcosat, (5)

where A A and o are the amplitude and the frequency of
modulation, respectively, then the surface photovoltage
V,(A) becomes a periodic function of time, V,
(Ao + A A cos wt ). For small A 4, the derivative of the modu-
lated surface photovoltage is given by
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It must be added that, in order to incorporate the response of
the system to a time varying incident light intensity, the
above equation must be multiplied by a frequency response
function G (@).'> However, since this factor is to first-order
independence of the wavelength, it is treated here as a con-
stant of proportionality.

In contrast to Eq. (1), Eq. (6) shows that the DSPV signal
is not, in general, proportional to da/dA, and therefore its
various terms introduce different degrees of distortion which
depend on the relative size of their spectral changes in the
spectral region of interest. The most notorious source of the
distortion is the spectral changes of Jy4 ), the background.
The distortion introduced by J, is preseat in all four terms of
Eq. (6), but its effect is most dramatic in the second term,
which contains dI,/dA. This term affects the DSPV spectra
in the near infrared region of spectra which corresponds to
the sub-band-gap transitions in some semiconductors (e.g.,
Si, GaAs), as well as in the ultraviolet region of the spectra
where the interband transitions occur.

(6)

V. DISCUSSION: COMPARISON OF WAVELENGTH
MODERATION PHOTORESPONSE AND WAVELENGTH
MODULATION ABSORPTION/REFLECTION
SPECTROSCOPIES

The structure in the spectra of the transmittance 7'(4 )
and its derivative d7 /dA are caused by the spectral changes
of the optical constants in the metal and the insulating lay-
ers, and the reflection coefficient of the semiconductor, as
well as the interference patterns generated because of the
interfaces. In the present MOS structure the optical proper-
ties of Au, SiO,, and Si have to be considered. These factors
are separately discussed below:

{a) The spectral changes of the refiectivity of gold R (1),
as well as its logarithmic derivative dR /dA occur in the 2.0-
5.0 eV region of the spectra and are primarily due to the d
band in Fermi-level transitions.'? Structure in the spectrum
of the derivative of its transmission coefficient in the 2.0-3.5
eV region, have also been observed.

(b} The optical constants of the insulating layer (SiO,)
are fairly smooth in the 0.5—4.5 eV region of the spectrum,'®
and therefore are not expected to influence the line shapes of
the interband transitions.

{c) The spectral changes caused by the interference pat-
tern depend on the thickness of the layers, their index of
refraction, and the spectral region of interest. Optical inter-
ference patterns have been studied for the MIS structures
with various thicknesses of Au and SiO, layers on silicon
substrates.'® The signatures of such interference patterns
hav:,nlso been observed in the surface photovoltage spec-
tra.

S. M. Eetemadi and R. Braunstein 3858
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(d) Finally, the spectral changesin the R (A Jand dR /dA
of the Si substrate contribute significantly to the spectra of
T (A )anddT /dA,and hencetothe DSPV spectra. The reflec-
tivity of Si and its logarithmic derivative obtained by the
wavelength modulation reflectance spectroscopy has been

18,19

It is therefore clear that the spectra of T'(1 ) and dT /dA
contain substantial structures that could significantly
change the line shapes of the absorption obtained from the
wavelength modulation surface photovoltage, as well as oth-
er forms of wavelength modulation photoresponse spectros-
copies.

In contrast to the wavelength modulation absorption/
reflection spectroscopy, removal of the background interfer-
ences I 4 ) and dI /dA from the DSPV spectra is very diffi-
cult. To date, no systematic method for its subtraction has
been suggested. We suggest a technique utilizing a double-
beam system in combination with a reference optical detec-
tor and feedback loops to suppress the spectral changes of
1A ) and dly/dA.

For this purpose, the light beam from the exit slit of the
monochromator in DSPV spectrometer needs to be split by a
beam splitter. Both beams can therefore be wavelength mod-
ulated at frequency w,. One of the beams can be used to
illuminate the DSPV sample, while the other beam can be
chopped at frequency w, and then incident upon an optical
detector. The output of the detector is fed into two lock-in
amplifiers. One of the lock-in amplifiers (I) is tuned to w, to
measure the light intensity, and the other one is tuned to w,
to measure df/dA. Except for the beam splitter and the
DSPV sample, this is similar to the infrared wavelength mo-
dulation spectrometer described elsewhere.' The output of
the lock-in amplifier (I) can be used in a negative feedback
loop to regulate the power supply of the light source. This
arrangement will keep the light intensity constant as the
wavelength is scanned. The output of the lock-in amplifier
(I1) can be used in another negative feedback loop to regulate
an intensity modulator to keep df,/dA equal to zero. The
intensity modulator can be placed anywhere in the light path
before the beam splitter. Its modulator frequency should be

‘the same as the wavelength modulator, and its amplitude can

be controlled by the negative feedback loop from the lock-in
amplifier (II). One such intensity modulator has been used in
a wavelength modulation reflectance spectrometer for the
same purpose.’® The two feedback loop systems eliminate
dl,/dA and the spectral changes of the background I{4 ) to
the extent that it is smooth in the spectra region of interest.
This is not possible in the absolute sense nor over the entire
region of the spectrum. However, what is needed in practice,
is to have detectors whose spectral responsivity are flat and
smooth compared to the line shapes of the optical transitions
under investigation.

In comparing the wavelength modulation techniques,
the wavelength modulation absorption/reflection (WMA/
R) spectroscopy has several advantages over the wavelength
modulation photoresponse (WMPR). The WMA/R method
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yields unambiguous line shapes for the optical transitions,
which are therefore easier to interpret. In WMA/R, the only
source of spurious signals is the background spectrum which
can be completely removed in a systematic way, independent
of the spectral responsivity of the detector. Finally, the
WMAV/R is a nondestructive method which can be applied
directly to the bulk of the materials. In contrast, the WMPR
measurements often require fabrication of devices in the
form of MIS, p-n junction, or Schottky barriers which could
result in the introduction of process related impurities or
defects into the samples, as well as the necessity of applying
corrections for the optical properties of the materials used
for fabricating the structures.

V. CONCLUSIONS

We have shown that contrary to the previous assump-
tions, the DSPYV in general is not proportional to the deriva-
tive of the absorption coefficient. A general formulation of
the DSPV was derived which revealed the various possible
sources of spurious interference spectra. The effects of these
interferences on the line shapes of optical transitions were
studied. A practical method for removal of the main source
of the distortions, i.e., the background, was suggested.
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It is important to be able to nondestructively characterize (*‘screen”) the electrical properties of
those areas of HgCdTe epitaxial material that will later be made into devices. This paper
compares several noncontact techniques for measuring resistivity, carrier concentration, and
mobility with the standard Hall-effect technique. The noncontact techniques ¢ :amined are far-
infrared reflection, Raman scattering, eddy—-current absorption, and electrorefiectance. Of these
techniques, far-infrared reflection was found to be the best noncontact technique for measuring
resistivity, carrier concentration, and mobility. Resistivity values were within a factor of 2 of Hall-
effect values, while carrier concentration and mobility values that depend on an assumed effective
mass were within a factor of 3. In Raman scattering, interference between the free-carrier
plasmon-phonon mode and other modes makes it an inaccurate method for estimating carrier
concentration. Eddy—current absorption is useful for quickly measuring epitaxial layer
resistivities to within a factor of 3 of Hall-effect values, while electroreflectance gives a relative

value for the surface doping density, which is useful in layer profiling.

1. INTRODUCTION

It is important to know the electrical properties of HgCdTe
starting material before it is processed into devices. The stan-
dard techniques for doing this, Hall-effect and capacitance-
voltage testing, involve applying contacts to and processing
a small piece of the sample, which takes this region out of
production and does not characterize the actual material
used for device processing.

This paper describes the use of far-infrared reflection, Ra-
man spectroscopy, and eddy—current absorption to provide
noncontact electrical characterization of epitaxial HgCdTe
so that the characterized material can still be used for device
processing. Electroreflectance data for carrier concentration
is also presented, since this technique requires ony a single
edge contact. These techniques are all nondestructive and,
except for eddy—current absorption, allow mapping of elec-
trical parameters over the area of the starting material.

Far-infrared reflection has been used to estimate resistiv-
ity, carrier concentration, and mobility in GaAs,' CdTe,?
and PbSnTe.? The method is described in a review article,*
and initial data for HgCdTe has been reported by one of the
present authors.> Eddy-current absorption is a standard
noncontact technique used in the Si industry for measuring
resistivity in wafers.® In the Raman technique, a coupled
plasmon-phonon mode is excited in the surface region
(~100 A in depth). The mode frequency can be used to
determine the surface-region free-carrier concentration.”®
In the electroreflectance technique, the signal strength is
proportional to the surface-region doping density. Surface
mapping of doping densities has been demonstrated for
GaAs.® The issues in the present work are to determine the
usefulness of these techniques for HgCdTe epitaxial layer
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analysis and to compare techniques that measure the same
electrical parameters. ’

Several of these techniques involve reflected light: i.e., far-
infrared reflection, Raman scattering, and electroreflec-
tance. The skin depth for good -conductors 6 =c¢/
(2muwo)'’? varies inversely with the square root of the opti-
cal conductivity and the square root of the frequency. Order-
of-magnitude values are ~ 100 A for the visible region exci-
tations used in Raman and electroreflectance and
micrometers for the far-infrared reflection. The eddy—cur-
tent absorption technique averages over the total layer thick-
ness.

Il. FAR-INFRARED REFLECTION

Free-carrier absorption in a semiconductor is proportion-
alto (wavelength),? and in the far infrared it becomes strong
enough to be used to determine the resistivity, free-carrier
concentration, and mobility. The far-infrared spectra were
taken at 300 and 77 K using a Fourier-transform spectrom-
eter covering the range from 10 to 250 cm~'. The samples
were both n- and p-type epitaxial layers of Hg, _,Cd, Te
with doping concentrations ranging from 10'* to 10'® cm™?
and compositions in the range x = 0.2 to 0.4. The samples
were ~0.5X 0.5 cm and were used for both the van der Pauw
Hall-effect measurements and the far-infrared reflectance
measurements.

Typical data are shown in Fig. 1, in which the dots are the
measured data points and the solid line is a modeled fit to the
data. The least-squares fit to the reflectance comes from a
model for the complex index of refraction 7 that includes the
free-carrier contribution, the lattice vibrational modes, and
defect vibrational modes. These are identified in Fig. 1. The

© 1988 American Vacuum Society 2056
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Fi1G. 1. Far-infrared reflectivity spectrum for HgCdTe epitaxial layer, show-
ing free-carrier absorption region, HgTe- and CdTe-like vibrational modes,
and structures at A, B, and C that may be defect local modes or interference
effects.

equation used is

n—€+z

J (d/—a) -

W€,
wlw+i/T)
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where the second term on the right-hand side is a summation
over lattice and impurity vibrational modes, each centered at
a frequency w, with a damping I'; and strength S;, and the
third term on the right-hand side is the free-carrier contribu-
tion, which determines the plasma frequency w, and the
carrier scattering time 7. These, in turn, determine the car-
rier concentration, mobility, and resistivity by the expres-
sions

1 - | ]
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s [ .
Quw
I‘:E 0.1 3 o -
I
c& [ 0
= [ 2
[ +
Su i
3
»a 001 —
w 3
-4 L
[ o
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RESISTIVITY (Q-cm) FROM
HALL-EFFECT MEASUREMENTS

F1G. 2. Reststivity measured by far-infrared fitting and by Hall effect.

(@300 K full fit. Z 77 K full fit, + 300 K mmimum fit).
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Figure 1 indicates that the dominant vibrational mode at 120
cm™' is the HgTe-like transverse optical mode, which we
designate as w,.

The electron effective mass values as a function of x, T,
and N were taken from work by Baars e al.,'® while a value
of 0.35 was used for the hole effective mass ratio.'!
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FI1G. 4. Mobility measured by far-infrared fitting and by Hall effect (® 300
K full fit, Z 77 K full fit, + 300 K mimimum fit)
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F16. 5. Calculated carrier concentration and mobility from fit to far-in-
frared reflectivity minimum amplitude and frequency, for epitaxial layer at
77 K, with x = 0.2 and thickness 15 um.

Comparisons of the resistivities, carrier concentrations,
and mobilities obtained by modeling the full far-infrared re-
flectance spectra and by Hall-effect analyses are shown in
Figs. 2, 3, and 4. The resistivity values agree within a factor
of 2, while the carrier concentration and mobility data show
different systematic displacements at room temperature and
at 77 K, causing an increased data scatter. The use of more
accurate temperature-dependent values of effective mass is
expected to bring all of the far-infrared data to within a fac-
tor of 2 of Hall-effect values.

A simpler and faster method for determining the resistiv-
ity, carrier concentration, and mobility is to determine the
position and amplitude of the reflectivity minimum between
the free-carrier region and the HgTe-like vibrational mode.
This type of analysis has been reported for GaAs' and
CdTe.2 The minimum occurs at the frequency @ _, the lower
coupled plasmon—phonon mode. If the mobility u is large,
this is given by

2* = (ﬂ) +a7)

— [(@} -0} + 4a}}(1 —€_ /€))7, (5)

where o, is the dominant HgTe-like longitudinal optical lat-
tice frequency {w, = (€,/€_ )'?w,} and €_ and ¢, are the
high-frequency and static dielectric constants, respectively.
Parametric curves relating the carrier concentration and
mobility to the frequency and reflectivity amplitude at the
minimum have been calculated. An example for n-type
HgCdTe with x = 0.2 at 77 K is shown in Fig. 5. Resistivi-
ties, carrier concentrations, and mobilities estimated in this
way are shown for room-temperature data in Figs. 2, 3, and
4. While good results are shown in the figures, the accuracy
of this reflectivity-minimum analysis is lower for p-type ma-
terial than for n-type. Furthermore, multilayer structures,
such as those having an n-type skin on a p-type base, or layers
with mixed conduction (as occurs in an intrinsic sample), do
not exhibit a well-defined minimum. Other structures in the

" reflectance data can also interfere with the determination of

the location of the minimum, as is shown in Fig. 1. When a
distinct minimum can be seen, the analysis is quick and rea-
sonably accurate.
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Ill. RAMAN SCATTERING

In Raman scattering, the plasmon-phonon mode pro-
duces a peak instead of a minimum. As in the reflectance-
minimum analysis, the peak frequency can be used to deter-
mine »} and the free-carrier concentration.” For HgCdTe,
the peaks have been found to occur in regions where other
Raman modes make the identification of the plasmon-
phonon mode difficult and make it insensitive to carrier con-
centrations below 10’6 cm ~>. Raman scattering is sensitive
to a surface layer ~100 A deep. This makes Raman spec-
troscopy potentially useful for measuring carrier concentra-
tions in ion-implanted materials, but it is too insensitive for
general epitaxial layer screening.

IV. EDDY-CURRENT ABSORPTION

In eddy—current absorption, a wafer is placed between an
rf source and a pickup coil. The power loss due to eddy cur-
rents induced in the sample is proportional to the conductiv-
ity times the thickness of the layer.® Two commercial instru-
ments'? were tested, with similar results. Data in Fig. 6 show
a variation between eddy—current and current-voltage resis-
tivity values of a factor of approximately 3. In this case, the
current-voltage analysis was done on a small piece cleaved
off the edge of the wafer, while the eddy—current measure-
ments were done on the remaining wafer, which could have
caused some of the data scatter shown.

The eddy—current technique tests a larg= area, requiring a
minimum sample size of ~5/8 X 5/8 in. Both vendors sup-
ply a standard resistivity meter and a high-sensitivity meter.
The standard range is appropriate for bulk HgCdTe wafers,
while the high-sensitivity range is needed for thin epitaxial
layers. The technique does not have enough sensitivity to
indicate any absorption in CdTe semi-insulating substrate
material. The measurements are simple and take only a few
seconds to perform, but their accuracy for determining resis-
tivity is only within a factor of 3.

3

p (Q-cm) BY EDDY CURRENT
-h
o

10 4 Il 1
10 10" 1.0 10
p (Q-cm) BY |-V

F1G. 6. Resistivity measured by eddy—current and cwrrent-voltage tech-
niques.
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F1G. 7. Electroreflectance signal strength as function of free-carrier concen-
tration in sample.

The parameter of more importance is usually carrier con-
centration. In Si, where mobilities can be accurately estimat-
ed for any given doping concentration, the resistivity mea-
surement can be used to give carrier concentration values by
means of the relation p = Neu. In HgCdTe, the error in re-
sistivity multiplied by the uncertainty in the mobility pro-
duces errors of over an order of magnitude in estimating
carrier concentrations. This makes the technique less impor-
tant for HgCdTe than it is for Si.

V. ELECTROREFLECTANCE

Electroreflectance involves immersing the sample in an
electrolyte so that an ac electric field can be applied to the
surface. The ac field modulates the reflectance, giving a nor-
malized reflectance spectrum at a singularity in a band den-
sity of state represented by'?

AR, _ gNVCe”® ]

Re [E, —E +T)V?)
where AR, = ac reflectance; R 4. reflectance; N = doping
density; ¥ = ac modulation voltage; E, = energy of the sin-
gularity; E,, = incident light energy; n = 5 for the E, singu-
larity; @ = a phase factor; I' = a broadening factor; and Cis
a constant including the oscillator strength of the optical
transition. :

Experimentally, the reflectance signal from a photomulti-
plier is divided and sent to an ac amplifier and to a dc amplifi-
er; the latter is used in a feedback loop on the photomulti-
plier power supply to keep R, constant. The ac amplifier
output is then proportional to AR, /R ,. . The ratio removes
any amplitude fluctuation effects in the signal due to the
lamp or the optics. A computer is used to fit the observed
data to Eq. (6), with the signal strength (gNVC(), 6, E,, and
I being the fitting parameters. The signal strength is propor-
tional to the net doping density N and independent of the
phase 0 or the broadening I

Without standards, absolute values of N are difficult to
obtain using this technique, as the voltage drops are difficult
to measure in the electrolyte, the surface layers, and the

(6)
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semiconductor. For this study, the same samples were used
for both Hall-effect measurements and electroreflectance
measurements at room temperature. Full-temperature Hall-
effect data are needed for p-type samples, since the net dop-
ing density is not given by single-temperature Hall-effect
data in the transition region from extrinsic to intrinsic con-
ductivity.

Data in Fig. 7 show a good one-to-one relationship
between the free-carrier concentration as determined by the
Hall effect and the electroreflectance signal strength. The
scatter in the data is within a factor of approximately 2. The
data include both n- and p-type samples, with x values
between x = 0.2 and x = 0.35. The low scatter in the data
implies that the factor C in Eq. (6) is approximately con-
stant over this range in x.

The technique has been used in measuring relative free-
carrier concentrations and in determining electrical junction
locations in double-layer devices that have been either bevel-
etched or step-etched. Photoreflectance techniques in which
light of above-band-gap energy is used to excite carriers that
induce a surface field may allow the measurements to be
made without contacts and at low temperatures, as well.'*

VI. CONCLUSIONS

Of the techniques studied, far-infrared reflection gives the
most complete and most accurate noncontact characteriza-
tion of electrical properties. It can be used to determine resis-
tivity, free-carrier concentration and mobility, and to map
these values over the area of a wafer to be processed. The
agreement of the far-infrared values and Hall-effect values is
within a factor of 2 for resistivity and within a factor of 3 for
carrier concentration and mobility. More accurate tempera-
ture-dependent effective mass values should bring the car-
rier concentration and mobility data to the same agreement
as is seen in the resistivity data. The data analysis using the
reflectivity minimum, while easier and faster than a full fit to
the data, at present does not work well for p-type or mixed-
conduction samples.

Interference of other effects with the plasmon-phonon
mode in Raman spectra makes this technique too inaccurate
for general use in screening material for carrier concentra-
tion values.

Commercially available eddy—current resistivity equip-
ment allows for the rapid measurement of this parameter for
epitaxial HgCdTe layers, with the values agreeing within a
factor of 3 with current-voltage data. The technique is not
sensitive enough to screen semi-insulating CdTe substrates,
however.

Electroreflectance signal strength can be used to give rela-
tive doping density values at room temperature that are use-
ful in mapping wafer uniformity or in profiling bevel-etched
or step-etched samples.
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o Abstract - Crystalline Arsenic was observed to grow on the surface of
Q; GaAs during exposure to continuous-wave laser radiation. A study of
t; the time development of the Arsenic growth as revealed by Raman
%: backscattering indicated that a surface diffusion process was
K 4
o
‘x responsible for limiting the growth process. Temperature measurements
i@ were performed from which the diffusion barrier energies were obtained
g for various GaAs samples. From these results the diffusion process was
K.
. shown to depend on the Fermi level of the sample.
0
>
T
; Keywords: Raman scattering, oxide growth, surface diffusion, barrier
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‘o energies, GaAs, CdTe.
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1. INTRODUCTION

u
R0
2&: The growth of an oxide on a I1I-V compound semiconductor surface 1is
N a topic of current research with both technical application and basic
ﬁ?\ physical interest. It was discovered by Schwarz, et ai[i], that when
&r, an anodic oxide layer is annealed at a suitable temperature, elemental
;. Arsenic appears on the sample surface. Some study of the dynamics of
ﬁ:: Arsenic growth were pursued, however exact mechanisms have yet to be
Si ascertained. Raman backscattering has been used in the present work to
o
! study the dynamics of the growth of crystalline Arsenic (c-As) on the
;x$ GaAs surface; the growth rate has a dependence on the square-root of
§n§ time. This type of time dependence is indicative of a diffusion
ﬁ; process. The temperature dependence of the diffusion rate was measured
?' on a variety of samples with different carrier concentration and
;.i surface orientation to obtain the diffusion barrier energy E. The
Eﬂ’ results indicate a dependence of E on the Fermi level of the sample. A
b: similar effect occurs on the surface of CdTe in that with sufficient
}Q; heating elemental Te appears.
e
o
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‘#? 2. EXPERIMENTAL

q

;': By using 5145R laser powvers of 1-3 watts, with a spherical lens to
q:: focus the light on the GaAs sample, it was found by Raman

; p backscattering that crystalline Arsenic forms on the surface. This is
:‘5 apparent in figs. 1 and 2, where each Raman spectrum was obtained using
5% a low laser power of 0.5 watt. The sample was heated with the laser
hAL

y between each run with a laser power of two watts for a duration of one
i;; minute. Figure 1 is the spectrum of an unheated, doped sample and

g@ shows both the unscreened LO phonon from the depletion region, and the
éﬁ screened LO phonon from the bulk. Figure 2 shows the spectra from the
'i; same spot on the sample but after the high intensity illumination. A
{i lower frequency peak is observed as well as a shoulder on the screened
hh LO phonon peak. These two new features are recognized to be the Raman
3:3 peaks of crystalline Arsenic (c-Arsenic){1]. 1In the succeeding Raman
'3§ gspectra from the same spot on the sample it was observed that these

o Arsenic structures grew in intensity with the successive heatings via
¢§? the laser.

o)

{Q The kinetics of the c-Arsenic formation was monitored by setting
‘g the spectrometer on the lower Arsenic Raman wavelength and recording
,ri. its intensity as a function of time. The results of such an experiment
e

& 3 is displayed in Fig. 3 where the abscissa is time and the ordinate is
o the intensity of the Arsenic Raman peak. If the Raman intensity is

#; plotted as a function of the square-root of the time, the data is

Si represented by a straight line as seen in Fig. 4. From this it may be
3 v concluded that a diffusion process is occurring.
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Arsenic growth on GaAs surfaces has been seen in connection with
oxide growth. The chemical reaction responsible for this is,

according to Schwarz(2]:

1) Aszo3 + 2GaAs = GaZO3 + 4As

That the As growth observed in the present work is a product of
oxidation was concluded by noting that the As did not grow under the
above experimental conditions in a vacuum. If indeed oxide was formed
it should have been possible to observe the oxide by Raman scattering;
however no Asy03 lines were observed. It may be that the As, O,
evaporated off of the surface, considering the vapor pressure'of this
compound [31, since these experiments were performed at temperatures of
400-550° Kelvin. Or, at any given time the actual amount of Aszo3 is
too small to be seen if the reaction given above occurs very
efficiently. Gazo3 has not been seen using Raman scattering on
oxidized surfaces and it 1is generally believed that its scattering
cross section is too small. If the reaction in equation (1) occurs,
then we are left with a surface wherein there is mainly crystalline As
and Gazoa. The elemental As is thought to grow in the form of grains on
the surface and as yet the physical form of the Gazo3 is undetermined.
On these same samples, Auger and ESCA analyses were performed to see if
Gazo3 may be detected and to determine the chemical states of the As.
No shifts in the Ga ESCA peak were observed that corresponded to

binding with Oxygen. These results are inconclusive, since the actual
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¢ area where the laser-induced As growth occurs is relatively small, so

that ESCA signals from it may be too small to see.

) 3. DISCUSSION OF RESULTS

The process of oxide growth on GaAs is as yet not completely

éﬁ understood. What is known is that there is a commonality of the

35 oxidation process among the majority of III-V compounds. III-V

3{ compounds will be henceforth denoted by AB where A and B designate

EE column three and five elements respectively. What can occur is the

2 following: The Oxygen first attaches to the B species on the surface
$‘ due to the dangling bonds at this site. This may occur rapidly until
‘3: there are a few monolayers of oxide present. This structure then

31 becomes unstable since the AZO3 binding is thermodynamically more

;5f stable, leaving behind elemental B. In general(4), the AZO3 compounds
?: are more stable and less volatile than the BZO3 and B compounds.

uf Therefore, the Bzoa and B molecules will sublimate if there is not a
i‘ thick oxide layer to block this process. Furthermore, in order for
E: oxidation to proceed it is necessary for the B atoms to diffuse out of
73 said oxide laver in order to react with Oxygen, or, for the Oxygen to
fn diffuse inward through the layer to react with the surface. Various
g‘ experiments(S] using isotopes of Oxvgen suggest that the Oxvgen does
§; not diffuse in.

2 A GaAs sample was heated at 300° C for an hour 1n an oxi1dizing
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atmosphere. Prior to the heating, Raman scattering revealed the
absence of elemental As on the surface. After the heating the Raman
spectrum revealed a small amount of amorphous As but no Aszos. This
temperature was larger than any obtained by laser heating, yet, the
growth of crystalline As was not observed. Consequently, it is
indicated that laser radiation enhanced the reactions occurring on the
surface. Such enhancement has been observed elsewhere(6] in studies of
oxide growth on GaAs and Si. It is hypothesized that the incident
photons break bonds so that the surface reactions may occur more
rapidly. When crystallization of As proceeds from the amorphous state
a volume contraction of 177 occurs. Therefore, free surface must be
exposed during crystallization, so that the oxidation continues without
being limited by the diffusion of species through a thick oxide laver.
Two different factors, then, cause the enhancement of oxidation in the
laser heating process from the above considerations. The As atoms
created on the free, exposed surfaces diffuse toward the crystalline As
grains wvhere they attach. This process is depicted in Fig. 5. The
time dependence of the growth of the As peak yields information about
surface-constrained As diffusion.

Diffusion in a solid occurs by the hopping of the atoms from site
to site. There is an energy barrier that must be overcome by the
diffusing atom as it moves from one site to a neighboring one. In
addition there is a certain attempt frequency associated with for the
atom's movement. By studying how the diffusion constant changes with
temperature it 1s possible to determine the barrier energy E. This was
accomplished by obtaining curves similar to Fig. 4 using different

incident laser powers, and then finding the corresponding sample
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temperatures. To find the temperature as a function of laser
intensity, the results of Chang(7]) were used. Chang, et al., measured
the LO and TO peak positions of GaAs for varying temperatures. They
found a peak shift of 0.016 cm™1/°K for both phonons. This result was
applied here by measuring the LO peak position as a function of
incident laser intensity. This data was reduced to obtain the graph of
temperature vs. laser power in Fig. 6. The straight line is the least
square fit of the data. By using the slopes of these graphs, and
assuming that the sample temperature at zero laser powér is 300°K, the
temperature for each laser intensity used in the diffusion runs may be
obtained.

If the Arsenic atoms are diffusing towards the crystalline Arsenic
grains, then the results of the theory of the random walk are
applicable here. The root-mean-square distance from the origin a

randomly walking particle has traveled in the time t is given by:

(2) 2 - (4Dt)v2

where D is the diffusion constant. The diffusion constant has a

temperature dependence:

(3) D = D e-E/kT

o




where E is the previously mentioned barrier energy. If the

crystalline Arsenic grains are acting as sinks for the diffusing atoms

otind then they must grow according to:

P
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’:'i."

N ¥

. (4) Npg(t) = N,c(aDt)
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N
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;?« where c is a constant, the interpretation of which will be discussed

x, 3

?

kgg later. N, is the total number of Arsenic atoms generated in the

‘t"

NN

.‘{ process. It is assumed that this does not vary with the sample since

B

iﬁ' the surfaces are rough enough so that the orientation is unimportant,
.-l

sf and because for the case of the doped sample, the concentration of

1,4

'e‘

e impurities on the surface is less than 1/10 of that of the intrinsic

S;. atoms. If I, and o0 are the incident light intensity and Raman

P

. .

:Qa. scattering cross section respectively, then the time dependence of the

"‘, ;

)

't? crystalline Arsenic Raman peak is given by:

Y

dhN
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-!:j! (S) Iag(t) = IoNoocMDt)'/z.
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g The plots of Raman intensity as a function of the square root of

iy time such as Fig. 4 then will have a slope equal to:
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The slopes of such graphs are taken for different temperatures of
the sample and then divided by incident intensity to yield the

normalized slopes:

2

1 n = Nooc[4Doe-E/kT}

By squaring and taking the logarithm of both sides of the above

equation we obtain

2 2
(8) logn = log QDoNoozcz - ﬁ%

which indicates that the slope of a plot of log n2 versus 1/T will

vield the diffusion barrier energy E.

Table 1 lists the samples studied in the above described manner
with their measured barrier energies. The graphs corresponding to
equation 8 are displayed in Figs. 7-9. In these graphs the straight
line is the least square fit of the experimental data points which are
represented by the circles. By using radioactive tracer techniques,
Goldstein(8] determined that the barrier energy for Arsenic in the bulk

of a8 GaAs crystal is 10.2 ev. Since the barrier energies found in this
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v :
:5?: study are quite smaller than this, it is concluded that the diffusion
1%
‘ '.' L]
i observed here is constrained to the surface. These barrier energies
Ph..

;ﬁ? may be compared with a result obtained by Schwarz(9], in a similar
e&% study, on c-As growth during annealing of an anodic oxide layer.

M

Schwarz(9] obtained a barrier energy of approximately 2 ev by measuring
|;"ri'|
;d& the As peak intensity between successive anneals. The anneals for each
e
(MW 2
:a( series were performed at different temperatures. Only the first part
30
LN
of the As growth curve was obtained in this way. This part of the

e .
i:ﬂf curve corresponds to the steepest part of the curve in Fig. 3.

D
2. Schwarz{9] analyzed his data as linear in time to obtain the 2 ev
" 3
:%;' barrier energy. The analysis performed in the present study utilized
&, J

ng the whole curve and its observed dependence on the square- root of

)(\n*.'_"
J§?- time. Also, the c-As growth observed here took place in connection
s
¥ with extreme light intensities. The energy measured by Schwarz[9] was
'!
?”v interpreted to be a reaction barrier energy. With consideration of the
oty
". ]
j|3f results obtained here the 2 ev energy is interpreted to include an
iy
' jam
=t?- approximately 0.4 ev diffusion energy plus an approximate 1.6 ev "true"”
ﬁﬁg' reaction barrier energy. The intense flux of 2.4 ev photons utilized
PO
¥
1058
.ag‘ here, could help the reactants overcome the reaction barrier energy, so
o

\
ey that the diffusion part of the c-As growth is emphasized in the time-
‘_;: dependent measurements. This process is consistent with the previously

o®

)y

5& noted enhancement of oxidation with extreme light intensities observed
Bl

MY by other workers(é61].
g Furthermore, this model explains the N, in equation 3 as being
9

&ﬁl independent of temperature and laser light intensity. The temperature
AL

f" independence is seen by the chemical reaction occurring through

f;g interaction with photons in order to overcome the reaction barrier
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energy. Laser intensity independence occurs through the necessity of
Oxygen to encounter bare surface in order for the reaction to be
initiated. The amount of bare surface is limited by the c-As grain
size and the amount of GaZO3 present.

From table 1 it is seen that two_of the sample surfaces had a (100)
orientation, however one was semi-insulating and the other was n-type
doped at approximately 2x10!® charge carriers/cm3. The difference in
barrier energies could be ascribed to different charge states of the
diffusing Arsenic atoms{10]. The difference in the position of the
Fermi levels of the two samples will determine the charge state of the
surface defects. Equation 7 not only yields the barrier energy, but
also differences in the "sticking coefficient" c by using the
intercepts of the plots in Figs. 7-9. This is seen by noting that,the

intercept is equal to:

(9 log 4D NZo%c?.

If the other parameters are invariant with respect to sample then the

ratio of the sticking coefficients of the two samples may be found bv:

2

(o4
(10) Int.(1) - Int.(2) = 1log —; .
C
2

The sticking coefficient for the n-type sample is found to be 3.8
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times as large as that of the semi~insulating sample. Again, the
charge state of the migrating Arsenic atoms could explain this, since,
there will be an image charge in the crystalline Arsenic grain when a
diffusing atom comes near. This image charge causes an attractive
force between the atom and the grain, hence the sticking coefficient is
larger. This also means that the Arsenic atoms on the semi- insulating
surface are neutral, while the atoms on the doped sample surface are
charged and are acceptors, since they became occupied with increase in
the Fermi energy. The above interpretation of the stiéking coefficient
gains further support in that the intercept for the (111) sample was
roughly equal to that of the semi-insulating (100). By using the above
analysis as described in equation 9, this means that the two samples
have equal sticking coefficients. The (111) sample is Chromium doped
and hence is also semi-insulating. Therefore, since its Fermi level is
in the same place, the Arsenic atoms on its surface are in the same
charge state as the (100) semi- insulating samples. A larger barrier
energy for the (111) surface may be a result of a different morphology
at this orientation. Various structures have been observed on this
surface(3]. That these surfaces are good (100) or (111) planes is
arguable. They probably have many hills and valleys, so that,
ascribing to them properties associated with flat, planar surfaces of
their respective orientations is only an approximation. The dominant
difference in barrier energy for the three samples may be interpreted
as being due to the charge state of the diffusing Arsenic atoms while
surface orientation may play a weaker role

A gimilar study to that of GaAs was performed on surfaces of CdTe

and HgCdTe when subjected to heat treatment. These measurements reveal
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.: the growth of elemental Tellurium. The growth of Te is a major problem
A
b vhen using Raman scattering to study these materials. At room
N
1; temperature relatively low incident light levels will induce its
fﬂ growth. A time dependent growth curve for the Te peak on an initially
i
clean CdTe surface is shown in Fig. 10. There is a resemblance to the
? curve of Fig. 3 for the growth of As on GaAs. It was found that if the
R 1 focusing of the incident light on GaAs were not done correctly, the As
(
'
growth curves had a rough appearance as seen in Fig. 10 for CdTe. At
M .
S only an empirically found critical distance between the focusing lens
ﬁ- and the sample, was a relativeiy smooth growth curve be obtained. This
4
}, is probably due to the size of the As grains, and possible over-
g: excitation of the sample due to too high a light intensity.
‘f‘ Sublimation effects may occur on an over-heated surface which will be
§ -~
R more pronounced with smaller grain size. A similar critical focusing
;: of incident light may exist for CdTe that would create smooth growth
)
o curves for Te. The curve in Fig. 10 is suggestive that a diffusion
a: process is occurring for Te growth on CdTe that is like that of
’: As on GaAs. This would be the subject of future studies in this
;: laboratory.
oy
, J 4. CONCLUSIONS
K
N
<3
- The present study of the time dependence of the growth of c-Arsenic
-
£ during the oxidation of the surface of GaAs as monitored by Raman
= backscattering indicates that a surface diffusion process rather than
-
o
+
- |
4
.1 |
» !
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R ’ bulk diffusion is operative for the production of elemental Arsenic.

An enhancement of the growth of c-Arsenic was observed due to 51458

%» illumination. These measurements have shown that the surface diffusion
g; barrier energies and sticking coefficients involved in Arsenic grain

B growth are determined by the charge state of the grains which is

QQ determined by the Fermi level of the GaAs substrate. Preliminary

ik measurements on CdTe surfaces indicate similar results for the growth

of elemental Te. The present work indicates that Raman backscattering

ﬂJ is a useful tool for studying nucleation processes during interface
%)

K growth.
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Table 1

Samples and measured diffusion barrier energies.

Sample Barrier Energy (ev)
(100) semi-insulating 0.33
(100) n-type 0.50
(111) semi-insulating 0.43

Y e L RN e et e o o P RPN D R S
Xl KA ,

-.’v



R

>,
&
A -16-
ot )
i
!
S
4,
2
L Figure Captions
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A
Figure 1. GaAs Raman spectrum before intense illumination.
¢
P
g
Y Figure 2. GaAs Raman spectrum after intense illumination.
o
i
{h Figure 3. Intensity of c-As Raman peak as a function of time.
)
L)
3
fﬁ Figure 4. Intensity of c-As Raman peak as a function of the square
a
vy root of time.
>
v
NG
X Figure S. Growth of c-As grains on a surface.
;: Figure 6. Temperature of sample versus laser power for (100) semi-
Y
insulating GaAs.
Ry
L 2
o3 Figure 7. Log n versus reciprocal temperatures for (100) semi-
[} ¢
L}
o insulating GaAs.
l
L’ 2
JV F' ire 8. Log n versus reciprocal temperatures for (100) n-type GaAs.
t
[
2
. Figure 9. Log n versus reciprocal temperatures for (111) semi-
1
N insulating GaAs.
~
W&
™
= Figure 10. Intensity of c-Te Raman peak as a function of time.
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. DEEP LEVELS IN SEMI-INSULATING,
v ggl
w:' LIQUID-ENCAPSULATED-CZOCHRALSKI GROWN GaAs *
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DO
M.R. BURD AND R. BRAUNSTEIN
#Jﬁ Department of Physics, University of Calfornia
iy
-t Los Angeles, CA 390024
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:t Abstract - Photo-induced-transient-spectroscopy was performed on
o .
hyd variously heat-treated samples of semi-insulating liquid-encapsulated-
2J
o } Czochralski grown GaAs. Seven deep levels at 0.57, 0.52, 0.42, 0.36,
. »
v,
‘33. 0.27, 0.22, and 0.18 eV were observed. These levels can be identified
. ..I:
ﬁ:f with levels seen using other deep level techniques and a variety of
'ﬁ:i crystal growth and sample preparation techniques. The levels at 0.52,
.
ﬁi 0.42, and 0.36 eV can be annealed out by heat treatment. These levels
nt
"? therefore seem to be associated with structural defects rather than
T impurities.
.ﬁ;: Keywords: Photo-induced-transient-spectroscopy, deep levels, semi-~
)%
%f insulating, annealing.
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1. INTRODUCTION

The deep levels present in GaAs which have been prepared by various
growth techniques are of current technological and scientific interest.
Unforturnately, in many of the studies done on samples produced by a
particular growth method the measurement techniques used tended to
obscure some of the deep levels which may have been present at the time
of growth. For instance, the use of deep level transient spectroscopy
[1] requires the construction of a diode structure from the sample to
be studied causing the sample to be subjected to relatively high
temperature annealing. Such temperature treatment can remove or add
defects that give rise to certain deep levels, making them 1impcssible
to study in as grown material.

The purpose of this study was to investigate the deep levels
present in samples of liquid encapsulated grown Czochralski (LEC) (2]
semi-insulating GaAs. To accomplish this, photo-induced-transient
spectroscopy was used as the measurement technique for detecting deep
levels in the sample. This method was chosen for two reasons: First,
it 1s a technique for detecting deep levels in semi-insulating
material, and, second, the preparation of samples for this techinque
involves only a small amount of heat treatment allowing study of

annealable deep levels which may have been introduced during the growth

process.
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Measurements were made on samples which had been subjected to a
variety of heat treatments with the purpose of giving some evidence
for possible defect structures which may be causing the deep levels.
Using these methods seven deep levels were observed with most of them
being readily identified with deep levels seen in other works

involving other deep level techniques.

2. EXPERIMENTAL TECHNIQUES AND SAMPLE PREPARATION

The method used to detect the presence of the deep levels in the
samples was photo-induced-transient spectroscopy [3]. This technique
involves pulsing a monochromatic light source at a sample of GaAs which
has a bias voltage applied across contacts on its surface. The
transient current which follows the termination of the light pulse is
then measured. If the trap being seen is an electron-like trap and the
light intensity .is sufficient so that a saturated condition is achieved

for the photo-current, then the form of the transient current becomes:

(1) 8i(t) = CN7 e[ exp(-ept)

wvhere e is the emission rate, Nt is the trap concentration, and C is

a constant. When this equation is differentiated with respect to

temperature the following results:
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8 de
§;: (2) 3%1151 = C N7 (1-ep) exp(-ept) afﬂ

A
'** It can be seen that an extremum occurs when t=1/e,. Therefore, by
:EE choosing a time after the termination of the light pulse and plotting
5{3 the magnitude of the transient current as a function of temperature, a
‘¥H series of peaks are obtained. Each peak corresponds to a different
Y deep level with the position of the peak occurring at a temperature,
g; Tm: Where the level's emission rate is equal to the reciprocal of the
o time chosen. By graphing the transient current values at different
;53 times as a function of temperature, several values of Ty can be

"
EFﬁ obtained for the different values of the time, t. Assuming the form
;f; for ey (61 is:

E&i (3) e, = Yn T2 [Opw 8 expta/k)] exp (-Ep/KT).

jggs where Ep is called the activation energy and Opy = (Upe 8n exp (a/k))
’}55 is the apparant cross—-section. A plot of log(T2t) versus 1/T will

,;; yield a straight line graph. The value for ., has been determined to
&:E be (46 n3/2 3 my* k¥2) [11]. For electrons this equals 2.28 x 1020
ag cm™2s71k™2 [6]. Putting in the effective mass term for holes vields a
:if value of 1.7 x 1021 cm~2s™1k™?(5]. This straight line graph or the
e

lg;: combination of Ep and op, (op, for holes) is callied the signature of
f;% the deep level and is a method for identifying a deep level.

S The photo-induced-transient spectroscopy (P.I1.T.S.) apparatus (4]
gzj; consisted of a dewar in which the samples could be cooled to liquid
tgi nitrogen temperature. There were windows in the dewar to allow the
‘\; light pulses from the two light sources used for this experiment to
K
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strike the samples. The light sources used were a He—-Ne laser and a
GaAs light emitting diode which gave light at energies greater than and
less than the band gap respectively. The temperature of the sample was
monitored by a thermocouple. The current through the sample was
measured as a voltage across a resistor which was placed in series with
the sample and the DC power supply which provided the bias voltage to
the sample. The apparatus was controlled and the temperature and
transient current were read by a CAMAC data acquisition system under
the control of an LSI-11/23 computer. A representation of the
transient current was obtained at each temperature by having

the computer read the voltage across the series resistor at several
regularly spaced times following each pulse of light. This allowed a
complete set of data to be obtained in only one temperature scan.
Figure 1 shows a block diagram of the P.I.T.S. apparatus while Fig. 2
shows the flow diagram for the computer program which controls the
system.

All of the samples used in this study were LEC grown GaAs and wvere
semi-insulating because of the deep levels which were caused by the
growth process as opposed to being deliberately introduced into the
samples by doping with materials such as Cr. One sample, M177,
however, did have a layer of GaAs grown on it by molecular beam
epitaxy. A summary of the treatment samples 1is presented in Table 1.

Samples M039, M040, and M25-2 had no heat treatment performed on
them until they had first been tested for deep levels; then the same
samples were annealed and redesignated M039 ann, M043 ann, and M25-2
ann. The annealing process involved raising their temperature in a

nitrogen atmosphere over a period of one hour from room temperature




to 700K. They were left at this temperature for four hours and then,
over a period of one hour, their temperature was lowered back to room
temperature. After being tested for deep levels sample MO39 ann was
given another heat treatment and redesignated M039 que. This
particular heat treatment involved raising its temperature to 700K
over a period of one hour. The sample was left at this temperature
for a period of three hours and then was cooled back down to room
temperature in approximately ten seconds.

Samples M25-2I, D9, M02S5 and M177 had ion—-implanted electrical
contacts. This process involves masking the samples and implanting Si
ions into the surface at extremely high concentrations such that the
conductivity becomes very large in the implanted regions. The samples
are then given a high temperature anneal to drive in the Si and remove
some of the damage caused by the implantation process. The electrical
contacts on all of the other samples were made by soldering In to the
surfaces of the samples with an ultrasonic soldering iron. The
soldering process was performed as quickly as possible in order to

minimize the amount of heating the samples were subjected to.

3. RESULTS AND DISCUSSIONS

The signatures of all the deep levels seen in all of the samples
tested are complied in Fig. 3, while a tabulation of which levels were

present in a given sample is displayed in Table 2. As can be seen
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there is a rich spectrum of deep levels 1in the samples which were not

a subjected to any heat treatment, these being MO39, M043, and M25-2.

:; For several of the deep levels definite patterns of behavior can be

:i seen with regard to the heat treatment given the various samples. As

:“ can be seen by comparing Fig. 4 to Fig. 5, the difference between an as-

grown sample and the same sample after being subjected to heat

; treatment is quite significant. Table 3 shows a listing of all the

N observed deep levels' activation energies and emission sections.
The level with an activation energy of 0.18 eV has a signature

which matches that of the deep level designated as EL10 and observed in

ﬂr other studies [6]. As can be seen in Table 3 it has a op, equal to 1.5
?@ x 10715 cm2. The best identification of the level with the activation
‘% energy of 0.22 eV is EL17 [(8]. The level being an electron level

15: vields op, equal to 1.5 = 10" '%cm2. The best fit to the signature of

P 0.36 eV occurs for the deep level designated as HL7 [(51. The hole

nature of the level yields op, equal to 5.6 = 10713 cm2.

G e Ay A, A

The deep level listed in Table 3 with an activation energy of 0.56

eV has a signature which is an excellent fit to that of the level

‘L
>
" designated in other studies as HL3 (S] yielding a %pa equal to 1.4 =«
¢
v -
0 10715 cm2. This particular deep level has been found to correspond to
)
the presence of iron in the samples tested in other works. This is
.\’:
. supported here by the fact that the level appears in all of the
2 A
¢
') samples used in this study which gives greater weight to the level
o
- being associated with a chemical impurity rather than just a crystal
4
f; imperfection. Another feature which supports this identification is
Z the presence of this level in the MBE sample M177. It is known that
iron is a fast diffuse in GaAs (7] and tends to migrate toward the
oy
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surfaces of a sample. The presence of the 0.56 eV deep level 1n the
MBE sample would implyv that the iron-associated defect has migrated
from the LEC substrate into the MBE layer during either the MBE
process or the ion- implantation of the electrical contacts.

The deep level with a signature which most closely matches that of
the level with the activation energy of 0.42 eV is HBS which 1is
believed to be the same level as HLS (S]. This particular level is
thought to be associated with a native defect in the crystal. This 1s
supported in this study by the fact that it is readily annealed, as
can be seen 1in Table 2 since it does not appear in any of the heat
treated samples except MO39 que. The fact that it reappears in the
quenched sample means that it can be easily reintroduced by "freezing
1n" the high temperature concentration of these imperfections.

A multilevel defect complex with a resonant optical absorption
peak near 0.40 eV with two side lobes was previously observed in the
same samples of the present study using the sensitivity of wavelength
modulation absorption [(9]. The peak magnitude and the detailed shape
as well as the side lobes of this structure varied from sample to
sample indicating that the structure is probably due to a defect

complex formed during growth and was not due to a multi-level

impurity. Heat treatment similar to that performed in the present

.
. I‘.

e

work showed that the spectra at 0.40 eV annealed out. These optical

H4A

experiments indicated that the structure is due to a defect or defect

-

s:

= complex with two main levels separated by 0.40 eV which may split into
7
{; more levels or form complexes depending upon the nature of defects
.
4
':{ immediate environment resulting from a previous thermal history. The

possible correlation of the 0.40 eV level observed in the previous
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k optical work and the present P.[.T.S. measurements is intriguing.
. However, an exact correlation between the levels observed by the
wavelength modulation absorption and the level detected by P.I.T.S.

must take into account the fact that the latter essentially yields

P b 2 2 4

”

information on the thermal emission from the level to the band, where
as the former gives information about the intra-center transitions.

There is some difficulty in assigning a designation to the 0.27 eV

Lt by o 4

level 1n that its signature lies almost halfway between the signatures
of EL8 and HL12 (S). Assuming it 1s one of the two and not a newly
seen level, the feature which lends more weight toward identifving it
as HL12 is that the level appears in all of the samples except the MBE

samples. HL12 has been seen in samples which contain zinc, a chemical

Py [

o

aa 8 =

impurity, and 1is, therefore, not as likely to be affected by

o"

annealing. As can be seen in Table 3 this identification results in
Opa being equal to 3.8 x 10715 cm2.

The best candidate for the identification of the deep level seen at
an energy of 0.52 eV is a somewhat unconventional band seen in samples

vhich have undergone ion-implantation using boron as the bombarding

a A&

ions (10]. This boron-implantation produced defect structures which

were annealable and the energy band associated with them has a peak at

23 w0

tempertures which agree with those seen for the level in this work.
- Since there is most likely boron present in the samples used in this
5 study (11], and since the band is associated with boron the evidence
for associating the level seen in this work with the so-called U-band
reported in the literature (10] seems strong. The reason that this
] defect produced a clear level in the samples studied here while a band

was seen in the samples which were boron- implanted would seem to be
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due to the difference in the manner in which the boron was introduced
into the samples. The associated damage produced in the boron-
implantation process might be what caused this level to be broadened
into a band. This damage may not be present in the samples where the
boron was introduced during the growth process. Since it is not
possible to determine whether the level is hole-like or electron-like

with the P.I.T.S. both a op, and a opy are reported for it in Table 3.

4. CONCLUSIONS

Several deep levels were seen in samples of semi-insulating liquid
encapsulated Czochralski grown GaAs by photo-induced-transient
spectroscopy. Two of the levels one at 0.56 eV and the other at 0.27
eV appear in all of the LEC samples regardless of the heat treatment
they received and seem to be related to the presence of iron and zinc
impurities respectively. These are most probably due to accidental
introduction during the growth process since there was no intentional
doping of the GaAs used in this study. Most of the other deep levels
seen were correlated with levels seen by other investigators. The
levels at 0.52, 0.42, and 0.36 eV seem to be associated with structural

defects since they can be annealed out by heat treatment.
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SAMPLE

D9
M02S

M25-21

M177

M039
M043

M25-2

MO39 ann

M043 ann

M25-2 ann

MO39 que

“ .-
AN T

TABLE 1
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= DESCRIPTION OF SAMPLE PREPARATIONS

DESCRIPTION OF SAMPLE PREPARATION

LEC-grown GaAs with ion-implanted contacts
(note: there is extensive annealing as part

of the ion-implantation process).

LEC-grown with MBE laver, ion-implanted
contacts (note: there is extensive heat
treatment during both the MBE and ion-—

implantation processes).

LEC-grown with In soldered contacts.

LEC-grown and annealed at 700K for four
hours with a one hour cool off, In-

soldered contacts.

LEC-grown and heat treated at 700K for
three hours with a fast cool off, in-

soldered contacts.
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TABLE 2 - ACTIVATION ENERGIES OF DEEP LEVELS DETECTED BY PHOTO-INDUCED

TRANSIENT SPECTROSCOPY MEASUREMENTS

SAMPLE ACTIVATION ENERGY OF THE LEVEL (eV)
M25-21 0.57 0.36 0.27 0.18
DS 0.56 0.36 0.28 0.22

M025 0.55 0.36 0.27 0.22

M177 0.56 .
M25-2 0.56 0.52 0.42 0.36 0.27 0.18
MO39 0.56 0.52 0.42 0.36 0.27 0.22 0.18
M043 0.56 0.52 0.42 0.36 0.27 0.18
M25-2 ann 0.56 0.27 0.18
MO39 ann 0.56 0.27 0.22

M043 ann 0.57 0.27

MO39 que 0.56 0.42 0.27 0.22
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TABLE 3 - ACTIVATION ENERGIES AND EMISSION CROSS SECTIONS

Y by
a4

FOR DEEP LEVELS SEEN IN THIS STUDY

o l‘ “ l"l’ I“..

gy
K’ "

-

>
5.3-' LEVEL IDENTIFIED ACTIVATION ENERGY (eV) EMISSION SECTION (cm2)

1.4 x 10715

HL3 0.56 Opa

LT x 10714

g Boron defect 0.52 %pa 10-13

%na

[Eayss
w
x

HBS or HLS 0.42 10713

Q
hel
g
"
8
(38
x

HL? 0.36 Opa = 5.6 10713

el e

oy ot
Pkt
LS
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2 1 a

<
e el

HL12 0.27 Opa = 3.8 «x 10715

-y

[

(3

| EL17 0.22 Ona = 1.5 x 10714
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EL10 0.18 Opa = 1.5 x 10717
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FIGURE CAPTIONS

Fig. 1 Block diagram of the photo-induced transient spectroscopy

apparatus.

Fig. 2 Flow diagram of the computer program which operates the photo-

induced transient spectroscopy apparatus.

Fig. 3 Plots of log(Tp2t) versus reciprocal temperature for all deep

levels seen be photo-induced transient spectroscopyv.

Fig. 4 Transient current vs. temperature for sample MO39, t=40 msec,

Ne-Ne laser light source.

Fig. S Transient current vs. temperature for sample MO39 ann t=40

msec, Ne-Ne laser light source.
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